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32.  Solid  lines  are  the  experimental  TED  curves  for  a  Zr/W(100)  71 

emitter  taken  at  the  indicated  electric  fields  and 
temperature;  dashed  lines  are  the  corresponding 
theoretical  curves  using  <f>  =  2.5  eV  and  normalized 
to  the  peak  heights  and  Fermi  level  Ey  of  the  respec¬ 
tive  experimental  curves.  Horizontal  dashed  lines 
indicate  the  experimental  FWHM  values.  Crossover 
analyzer  with  0  =  0.14  mSr  used  for  these  results. 

33.  Solid  and  dot-dashed  lines  are  the  experimental  values  of  72 

transmitted  current  (upper  figure)  and  FWHM  values 
vs.  electric  field  (lower  figure).  Results  corres¬ 
pond  to  Fig.  29  and  30  data.  Dashed  lines  (lower 
figure)  are  theoretical  values  of  FWHM. 

34.  Solid  and  dot-dashed  lines  are  the  experimental  values  of  73 

transmitted  current  (upper  figure)  and  FWHM  values 
vs.  electric  field  (lower  figure).  Results  corres¬ 
pond  to  Fig.  31  and  32  data.  Dashed  lines  (lower 
figure)  are  theoretical  values  of  FWHM. 
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curve  for  1/0  *  0.5  mA/Sr. 
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Curves  show  the  current  density  J  vs.  angular  intensity  81 

for  the  indicated  emitters  at  T  =  84  K  where 
6  =  1.1  *  101*  cm-1  for  both  emitters. 

Experimental  values  and  indicated  theoretical  curves  86 

(dashed  lines)  of  J(e)2d/J  vs.  current  density 
for  the  W(100)  built-up  emitter  at  T  =  84  K  and 
the  indicated  values  of  e  using  the  crossover 
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Upper  curves  show  the  variation  of  relative  noise  level  92 

of  a  W(100)  built  up  emitter  with  temperature  at  3 
frequency  intervals  and  a  320  Hz  band  width.  The 
probe  current  through  a  13  mrad  aperture  was  held 
constant  at  Ip  =  10  nA.  The  lower  curve  shows  the 
relative  variation  in  voltage  with  temperature  to 
maintain  a  constant  current. 

Plot  of  the  rms  noise  level  vs  emitter  temperature  using  93 

the  current  through  a  13  mrad.  aperture  from  a  Zr/W 

field  cathode.  Lower  curves  show  the  corresponding 

plots  of  the  transmitted  current  Ip/It  and  relative 

voltage  V/V  to  maintain  I  =10  nA. 
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Curves  (a)  are  obtained  from  Fig.  43.  Curves  (b)  show  94 

the  same  plot  at  a  background  pressure  of  3  *  10-8 
torr . 

Plot  of  the  rms  noise  level  vs  beam  deflection  angle  from  95 
the  emitter  axis.  A  13  mrad.  aperture  angle  was  em¬ 
ployed.  Lower  curve  shows  plot  of  the  relative  vol¬ 
tage  for  Ip  =  55  nA,  P  =  5  *  10_1°  torr. 
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SUMMARY 


The  purpose  of  this  research  program  is  the  evaluation  and 
characterization  of  high  brightness  field  emission  sources  of  both 
ions  and  electrons  suitable  for  use  in  information  storage  systems. 

In  addition,  preliminary  evaluation  of  focussing  optics  suitable  for 
forming  submicron  beams  of  both  ions  and  electrons  has  been  performed. 

Three  classes  of  field  electron  (FE)  sources  have  been  examined 
which  include  (1)  a  clean  tungsten  W(100)  oriented  emitter  which  has 
been  field  built-up  so  as  to  confine  emission  along  the  (100)  crystal¬ 
lographic  direction;  (2)  a  W(100)  emitter  that  has  an  adsorbed 
zirconium/oxygen  (ZrO)  layer  which  specifically  lowers  the  work 
function  of  the  (100)  plane;  (3)  metalloid  emitters  which  include 
LaBg,  SmBg  and  HfC.  Included  in  the  class  of  (1)  above  are  iridium 
(Ir),  tantalum  (Ta)  and  molybdenum  (Mo)  which  form  field  built  up 
end  forms  that  confine  emission  along  the  (110),  (111)  and  (100) 
crystallographic  directions  respectively. 

At  present  the  built-up  W(100)  and  Zr/W(100)  emitters  operated 
in  the  thermal-field  (TF)  mode  appear  to  be  the  most  promising.  Both 
emitters  exhibit  long  life  (~  1500  hrs  for  the  built  up  W(100)  and 
~  5000  hrs  for  the  Zr/W(100))  operating  at  angular  intensities  I*  of 
10-4  to  10-3  A  sr-1  in  ~  1  x  10-8  torr  pressure  of  residual  gas.  An 
anomalous  broadening  of  the  energy  distribution  of  these  emitters, 
which  occurs  for  I*  >  2  x  10-4  A  sr-1  has  been  studied  in  detail.  This 
energy  broadening  will  cause  chromatic  aberration  to  be  the  most 
dominant  aberration  for  low  voltage  guns  and  must  be  taken  into  care¬ 
ful  consideration  when  designing  a  microprobe  gun.  In  general,  higher 
voltage  (i.e.,  larger  radii)  emitters  provided  a  smaller  beam  energy 
spread  (i.e.,  1  to  2  eV)  for  an  angular  intensity  of  ~  1  *  10-3  A  sr-1. 

A  simple  in  situ  method  of  altering  the  emitter  radius  over  a  wide  range 
of  corresponding  operating  voltages  is  described. 

The  built-up  Ta  and  Mo  emitters  exhibited  useful  emitting  char¬ 
acteristics,  but  not  superior  to  the  built-up  W(100)  or  Zr/W(100) 
emitters . 

Careful  noise  measurement  investigations  showed  that  the  Zr/W(100) 
is  superior  to  the  built  up  W(100)  emitter  when  operated  at  1800  K  in 
the  angular  intensity  range  1  to  10  *  10"4  A  sr-1 .  Over  the  band  width 
of  1  to  5  kHz  the  Zr/W(100)  emitter  exhibited  a  noise  level  of  ~  0.22%. 

A  simple  double  magnetic  lens  electron  gun  column  was  constructed 
and  tested  with  the  Zr/W(100)  TF  source.  By  using  the  electron  gun  as 
a  scanning  electron  microscope  beam  size  vs  current  measurements  were 
made.  The  results  showed  that  a  current  density  of  ~  1000  A/ cm2  was 


achievable  at  a  beam  size  of  0.1  pm.  During  these  measurements  the 
beam  throw  from  the  final  lens  was  3.14  cm. 

Further  investigation  of  the  source  characteristics  of  the  gas 
phase  field  ionization  (FI)  source  was  performed  using  Ir,  W  and  LaBg 
emitter  materials  with  H*  and  He+  as  the  ion  species.  A  maximum  angular 
intensity  of  1  pA/sr  has  been  achieved  at  77  K  with  the  H^/lr  source 
combination  using  a  differentially  pumped  source  configuration.  Life 
test  studies  for  the  H2/Ir  source  operating  at  300  K  and  1.5  x  10-2 
torr  H2  showed  steady  total  current  operation  in  excess  of  385  hrs. 

A  variety  of  emitter  processing  procedures  including  field 
evaporation,  field  build  up  and  thermal  annealing  have  been  evaluated 
in  order  to  provide  an  optimum  emission  intensity  along  the  emitter  axis 
Results  have  shown  that  a  field  evaporated  Ir(110)  emitter  provides  high 
angular  intensity  and  maximum  stability  with  respect  to  field  induced 
chemical  erosion  of  the  emitter. 

Preliminary  studies  with  an  electrostatic  focussing  ion  column  have 
shown  that  up  to  0.5  nA  of  and  H+  current  can  be  focussed  into  a 
0.65  pm  beam  size  while  20  pA  of  Ar+  current  can  be  focussed  into  0.2  pm 
beam  size.  An  improved  electrostatic  focussing  column  has  been  designed 
which  provides  the  possibility  of  ~  1  A/ cm2  target  current  of  or  Ar+ 
in  a  0.1  pm  beam  size. 

A  detailed  study  of  the  emission  characteristics  of  a  liquid  film 
gallium  (Ga)  ion  source  emission  characteristics  such  as  energy  distri¬ 
bution,  angular  intensity  distribution,  noise  current  and  temperature 
effects  have  been  measured.  The  full  width  half  maximum  value  of  the 
energy  distribution  at  low  current  (IT  =  1  pA)  and  temperature  (~  300  K) 
was  4.5  eV  and  increased  monotonically  with  current  and  temperature. 

Beam  angular  intensity  at  I_  =  1  pA  was  ~  20  pA/sr  and  increased  to 
~  40  pA/sr  at  1^  =  25  pA.  As  IT  increased  from  1  to  20  pA  a  large  in¬ 
crease  in  beam  angular  divergence  was  observed.  An  unusually  low  noise 
current  almost  entirely  accounted  for  by  shot  noise  was  exhibited  by 
the  ion  source.  These  results  point  toward  a  strongly  space  charge 
limited  emission  process. 

Calculations  show  that  a  Ga+  current  density  of  ~  40  A/ cm2  can  be 
obtained  in  a  0.1  pm  beam  size  using  a  recently  designed  electrostatic 
lens  configuration. 
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SECTION  I 


INTRODUCTION 

This  report  describes  progress  made  during  the  second  year  of 
a  research  program  aimed  at  the  development  of  high  brightness  charged 
particle  sources  suitable  for  use  in  archival  information  storage 
systems.  In  particular  the  charged  particle  source  and  focussing 
system  envisioned  for  this  application  must  be  capable  of  providing 
a  particle  beam  with  sufficient  flux  density  and  smallness  of  size 
to  address  and/or  read  at  less  than  0.1  pm  resolution  and  at  a  rate  of 
~  10 7  bits/sec.  Because  such  requirements  place  a  severe  limit  on  the 
brightness  requirements  of  the  particle  source,  very  few  sources  re¬ 
main  in  contention  as  a  viable  option  for  such  a  memory  system. 

The  primary  aim  of  this  research  program  has  been  to  evaluate 
high  brightness  field  emission  sources  with  respect  to  their  potential 
for  satisfying  the  above  mentioned  requirements  for  a  particle  source. 
In  view  of  the  fact  that  present  high  density  archival  memory  schemes 
include  both  ion  and  electron  beams  this  research  has  examined  field 
ionization  (FI)  as  well  as  field  electron  (FE)  sources.  It  is  now 
established  that  FE  and  FI  are  the  brightest  sources  presently  avail¬ 
able  for  electrons  and  ions  respectively.  Although  considerable  under¬ 
standing  and  knowledge  concerning  the  basic  processes  of  FI  and  FE 

have  been  developed  since  their  theoretical  formulation  some  50  years 
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ago  by  Oppenheimer  and  Fowler  and  Nordhelm,  and  their  experimental 

3 

embodiment  pioneered  by  E.  W.  Mllller,  many  questions  concerning 
their  ultimate  suitability  as  stable  and  long  lived  emitters  remain. 
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Specifically  this  research  program  has  been  divided  into  the  three 
following  major  tasks: 

(1)  Field  Electron  Source  Development  and  Characterization 

(2)  Field  Ionization  Source  Development  and  Characterization 

(3)  Electron  and  Ion  Focussing  Systems  Evaluation 

In  each  of  the  first  two  tasks  new  source  materials  and  modes  of  oper¬ 
ation  have  been  developed  coupled  with  detailed  evaluation  of  emission 
characteristic  properties.  In  addition,  effort  was  also  devoted  to  the 
further  development  of  existing  FE  sources.  Preliminary  results  of 
focussed  beam  studies  using  both  FE  and  FI  sources  have  been  carried 
out  and  show  promise  of  meeting  the  design  requirements  of  high  density 
archival  information  storage  systems.  The  method  of  approach  and 
specific  measurements  carried  out  are  given  in  greater  detail  in  follow¬ 
ing  sections  of  this  report. 


2 


SECTION  II 


ELECTRON  SOURCE  DEVELOPMENT  AND  CHARACTERIZATION 
The  physical  properties  desirable  for  an  emitter  material  are 
1)  high  tensile  strength  to  withstand  electrostatic  stresses,  2)  high 
resistance  to  sputtering  and  contamination  and  3)  high  melting  point 
to  permit  thermal  cleaning  and  survival  after  transient  high  tempera¬ 
ture  episodes.  Possible  materials  possessing  these  properties  can 
be  divided  into  three  categories:  1)  pure  metals,  2)  heterogeneous 
cathodes  consisting  of  a  surface  layer  on  a  solid  substrate,  and 
3)  homogeneous  metalloid  compounds  or  alloys. 

Of  the  pure  metal  materials  investigated  in  the  past  which 
satisfy  the  above  requirements,  tungsten  operated  at  room  tempera¬ 
ture  or  in  the  thermal-field  (TF)  mode  has  proved  to  be  a  most  suit¬ 
able  material.  TF  mode  operation  has  worked  successfully  with 
<100>  oriented  tungsten,  <110>  iridium  and  <111>  tantalum  emitters 
by  allowing  electrostatic  induced  geometric  change  to  reshape  the 

emitter  to  a  particular  end  form  that  is  stable  at  elevated  tem- 
4  5 

peratures.  ’  The  mobility  of  the  surface  atoms  at  high  tempera¬ 
ture  causes  cathode  sputtering  damage  to  instantly  heal  thereby 
maintaining  a  smooth  and  clean  surface  that  exhibits  stable 
emission. 

The  zirconium  coated  tungsten  cathode,  also  operated  in  the 

TF  mode,  is  an  example  of  a  heterogeneous  cathode  that  has  proved 
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to  be  a  practical  emitter.  Resupply  of  the  zirconium  sputtered 
from  the  emitter  apex  occurs  by  surface  diffusion  from  a  reservoir 
of  zirconium  on  the  emitter  shank. 


Examples  of  homogeneous  metalloid  compounds  of  interest  as 
emitter  materials  are  given  in  Table  1  along  with  their  melting 
temperatures. 

TABLE  1 

METALLOID  EMITTER  MATERIALS 


Material 

Melting  Temperature  (C) 

LaB6 

2715 

SmBg 

2580 

TaC 

3825 

HfC 

3830 

Of  the  materials  listed  in  Table  1  only  LaBg  and  HfC  evaporate 
congruently  (i.e.,  the  vapor  and  solid  have  the  same  composition).  For 
noncongruently  evaporating  compounds  one  cannot  control  the  surface 
stoichiometry  during  thermal  cleaning  or  subsequent  heating.  Thus,  we 
have  concentrated  our  attention  on  LaBg  and  HfC  as  advanced  emitter 
materials. 

Methods  of  fabricating  the  various  emitters  referred  to  in  this 
section  has  been  discussed  previously^  except  for  HfC.  In  the  following 
sections  we  provide  further  results  regarding  the  fabrication  and  pro¬ 
cessing  of  various  emitter  materials. 

A.  Emitter  Radius  Control 

As  will  be  discussed  in  later  sections  it  is  becoming  evident  that 
large  radii  emitters  have  a  number  of  advantages  over  smaller  diameter 
ones.  There  are  two  ways  in  which  emitters  have  been  historically  fab¬ 
ricated  to  form  a  specified  apex  radius:  (1)  during  the  electrochemical 
etching  procedures  used  in  emitter  formation,  additional  etching  can 
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be  used  in  a  reasonably  controlled  fashion  to  increase  emitter  radius; 
(2)  after  emitter  formation  the  emitter  can  be  heated  in  vacuum  so  as 
to  cause  dulling  due  to  surface  tension  motivated  diffusion  of  atoms 
away  from  the  emitter  apex. 

Emitter  radius  control  for  tungsten  using  method  (1)  above  has 
been  moderately  successful  for  (100)  oriented  tungsten  emitters.  After 
initial  emitter  formation  by  the  ac  or  dc  electrochemical  process  de¬ 
scribed  earlier,^  the  emitter  is  immersed  in  2N  NaOH  and  given  addi¬ 
tional  material  removal  which  results  in  uniform  dulling  of  the  orig¬ 
inally  sharp  (i.e.  emitter  radius  ~  0.1  pm)  emitter  apex.  Figure  1 
shows  the  emitter  radius  as  a  function  of  the  number  of  dc  etching 
pulses.  From  this  we  are  able  to  conclude  that  emitter  radius  con¬ 
trol  between  0.1  to  1.2  pm  with  ±  10%  accuracy  can  be  realized  for 
tungsten  using  these  procedures. 

Emitter  radius  control  using  thermal  dulling  is  less  attractive 
because  of  the  rapid  decrease  in  dulling  rate  dr/dt  with  radius.  The 
rate  of  change  of  emitter  radius  r  in  the  presence  of  an  applied  field 
Fq  is  given  by®*^ 


where  y  is  the  surface  tension  and  (dr/dt)Q,  the  zero  field  dulling 
rate,  is  given  by 

-E  /dT 
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Figure  1.  Emitter  apex  radius  of  a  <100>  oriented  tungst 
as  a  function  of  the  number  of  10  V,  100  msec 
pulses  in  2N  NaOH  following  emitter  formation. 


In  the  above  expression  £1  is  the  volume  per  atom,  Aq  is  the  surface 

area  per  atom,  a  is  the  emitter  cone  angle,  D  is  the  diffusivity  con- 

o 

stant  and  E.  is  the  activation  energy  for  surface  diffusion.  Fig.  2 
a 

shows  the  change  in  r  with  t  based  on  the  integrated  form  of  Eq.(2) 
and  appropriate  constants  for  tungsten.  If  Fq  >  (8u  y/r)1^2  the  dul¬ 
ling  is  reversed  and  field  build  up  occurs.  It  is  clear  from  Fig.  2 
that  achievement  of  a  1  ym  radius  emitter  by  thermal  dulling  will  re¬ 
quire  prohibitively  long  heating  times  even  at  2400  K  because  of  the 
r-3  dependence. 

A  third  method  of  "in  situ"  emitter  radius  control  involves  ther¬ 
mal  field  (TF)  processing  in  vacuum.  This  procedure  consists  of  the 
following  steps: 

(1)  Heat  emitter  to  2500  K  for  3  minutes  with  a  positive  pro¬ 
cessing  voltage  applied  to  the  emitter 

(2)  Anneal  the  emitter  at  2500  K  for  one  minute  without  pro¬ 
cessing  voltage 

During  step  (1)  material  transport  to  the  emitter  via  surface  diffusion 
is  motivated  by  the  applied  field  according  to  Eq.(l)  where  initially 
Fq  >  (8iry/r)  ^2.  At  the  same  time  material  removal  occurs  via  small 
protuberances  that  are  formed  on  the  emitter  apex  from  which  high  ion 
currents  of  the  emitter  material  are  drawn  via  field  evaporation. 
During  step  (2)  the  small  protuberances  are  removed  via  surface  dif¬ 
fusion  resulting  in  a  smooth  emitter  surface  with  an  overall  larger 
radius.  The  radius  of  the  emitter  after  steps  (1)  and  (2)  is  deter¬ 
mined  by  the  processing  voltage  used  during  step  one  as  shown  in 
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Emitter  cone  half  angle  a  =  0.1  rad  for  these 


Fig.  3  for  a  run  carried  out  on  a  <100>  oriented  tungsten  emitter. 

It  can  be  observed  that  increasing  the  value  of  the  field  evaporating 
voltage  leads  to  an  increasing  emitter  radius  such  that  a  process¬ 
ing  voltage  of  ~  12  kV  leads  to  a  1  pm  radius  emitter  apex.  In 
this  study  the  emitter  radii  were  determined  from  a  Fowler-Nordheim 
(FN)  plot  of  the  room  temperature  I(V)  data  (i.e.  In  I/V2  vs  1/V) . 

The  slope  m  of  the  FN  plot  is  related  to  B  =  F/V  according  to 

B  -  2.81  x  107  <j>3/2/m  (cm-l)  (3) 

where  <(>  is  the  average  emitter  work  function  in  units  of  eV.  A 
relationship  between  6  *  f(r,  a,  R)  can  be  obtained  from  a  sphere- 
on-orthogonal  cone  model  of  the  emitter  described  in  reference  6. 

The  parameters  a  and  R  are  the  emitter  cone  half  angle  and  emitter- 
to-anode  spacing  respectively.  The  emitter  radii  so  obtained  were 
found  to  agree  within  ~  ±  15%  of  the  actual  radii  obtained  by  high 
resolution  microscopy. 

A  typical  sequence  of  emission  patterns  and  the  emitter  oper¬ 
ating  voltages  after  steps  (1)  and  (2)  of  the  TF  processing  are  shown 
in  Fig.  4.  Photo  (a)  of  Fig.  4  shows  the  field  electron  pattern  of 
a  U(100)  oriented  emitter  after  heating  at  2500  K  for  one  minute  in 
vacuum.  Photo  (b)  shows  the  small  protuberances  which  appear  at  a 
low  emitter  voltage  after  step  (1)  TF  processing  at  9  kV.  Photo  (c) 
shows  the  high  voltage  emitter  pattern  after  the  protuberances  have 
been  removed  by  step  (2)  above. 

Thus,  we  have  shown  that  by  electrochemical  etching  procedures 
during  emitter  fabrication  or  by  TF  processing  after  the  emitter  is 
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Figure  4. 

Field  electron  patterns  of  a  W(100) 
emitter  after  (a)  a  one  minute  2500 
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in  a  high  vacuum  environment  a  specific  emitter  radius  between  0.1 
and  1  pm  can  be  obtained.  Presumably  these  procedures  with  appro¬ 
priate  modification  can  be  applied  to  other  materials. 

B.  Binary  Emitter  Materials 

Two  classes  of  binary  compounds  which  have  been  investigated 
as  potentially  promising  new  emitter  materials  include  refractory 
metal  carbides  and  rare  earth  hexaborides.  The  former  are  of  in¬ 
terest  because  of  their  very  high  melting  points  (see  Table  1)  while 
the  latter  have  been  known  to  exhibit  low  work  functions  and  unusual 
resistance  to  sputtering.  Before  emitters  can  be  fabricated  and  in¬ 
vestigated  from  such  compounds  a  number  of  materials  related  problems 
must  be  solved.  In  the  following  sections  a  few  of  these  problems 
are  given  consideration  along  with  preliminary  emission  studies. 

1.  Rare  Earth  Hexaborides 

In  a  previous  report  procedures  were  described  for  producing 
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single  crystal  LaBe  from  which  emitters  were  subsequently  fabricated. 
Further  studies  of  materials  preparation  procedures  have  shown  that  a 
zone  refining  process  allows  one  to  produce  ~  1  mm  diameter  single 
crystal  rods  from  which  emitters  can  be  fabricated. 

The  zone  melting  procedure  described  by  Verhoeven,  et  al.,^* 
has  been  successfully  employed  to  make  single  crystal  rods  of  LaBg. 

In  this  procedure  an  arc  is  struck  in  one  atmosphere  of  argon  between 
a  pointed  tantalum  electrode  and  a  vertical  positioned  rod  of  high 
density,  polycrystalline  LaBg  (~  1  mm  separation).  Sufficient  power 
is  provided  to  the  arc  so  that  a  molten  zone  is  formed  which  is  moved 


vertically  along  the  LaBg  rod  by  moving  the  pointed  tantalum  electrode. 
Three  passes  of  the  molten  zone  not  only  forms  a  homogeneous  single 
crystal,  but  also  significantly  lowers  the  impurity  level  to  below 
100  ppm. 

The  degree  of  success  of  the  zone  melting  procedure  for  fab¬ 
ricating  single  crystal  LaBg  rods  was  found  to  be  directly  related  to 
the  reduction  of  volatile  impurities  in  the  original  material.  If  a 
high  concentration  of  volatile  impurities  were  contained  in  the  initial 
LaBg  material  it  was  heated  in  vacuum  slightly  below  the  melting  point 
for  several  minutes . 

Thus,  we  now  have  two  methods  of  fabricating  LaBg  crystals: 

(1)  the  zone  melting  method  and  (2)  the  molten  aluminum  solvent  method 
described  earlier.^  At  this  juncture  we  favor  the  zone  melting  method 
because  of  the  ability  to  reduce  the  impurity  level  and  the  ability  to 
orient  a  specified  crystallographic  direction  along  the  wire  axis  by 
fusing  the  polycrystalline  rod  to  an  appropriately  oriented  seed  crystal. 
Both  fabrication  methods  suffer  from  an  inability  to  accurately  control 
the  B/La  stoichiometry,  although  the  importance  of  the  latter  on  emitter 
performance  has  yet  to  be  established. 

Preliminary  emission  characteristics  reported  earlier  for 

LaBg  were  promising  as  coherent  emission  patterns  were  obtained  by 

6  11 
thermal  heating.  Unfortunately  we,  along  with  others  have  noted 

a  great  difficulty  in  obtaining  a  predictable  and  reproducible  emission 

pattern  by  thermal  processing. 

Three  LaBg  cathodes  have  recently  been  investigated  in  a 
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field  electron  microscope.  The  first,  referred  to  as  LaBg-l  was  made 
from  a  single  crystal  grown  by  precipitation  from  the  molten  A1  solvent. 
The  second  cathode,  designated  LaBg-2,  and  formed  from  a  zone  melted 
crystal  obtained  from  Iowa  State  University,  was  operated  over  a  period 
of  about  six  weeks  before  the  supporting  filament  was  accidently  melted. 
The  third  cathode  LaBe-3  was  made  from  a  zone  melted  crystal  grown  at 
the  Oregon  Graduate  Center. 

Early  in  the  thermal  treatment  of  LaBg-1,  the  tip  was  in¬ 
advertently  subjected  to  a  high  over  voltage  in  the  field  electron 
emission  mode  which  presumably  led  to  a  vacuum  arc.  In  any  case,  when 
the  emission  pattern  was  next  viewed  the  central  portion  was  completely 
dark  and  the  viewing  voltage  had  increased  from  approximately  700  volts 
to  around  4000  volts.  Emission  from  the  central  portion  of  the  pattern 
was  restored  after  heating  the  cathode  at  a  temperature  between  1600- 
1700  K.  Following  34  hours  heating  at  this  temperature,  the  viewing 
voltage  was  reduced  to  about  1700  volts. 

Photographs  depicting  the  evolution  of  the  emission  patterns 
following  the  arc,  are  shown  in  Fig.  5.  These  emission  patterns  were 
observed  after  heating  for  the  times  and  at  the  temperatures  indi¬ 
cated.  Although  a  well  defined,  symmetric  pattern,  such  as  is  char¬ 
acteristic  of  metals,  was  never  observed,  there  is  a  definite  indi¬ 
cation  of  the  four-fold  symmetry  expected  for  a  LaBg  tip  oriented 
along  the  (100)  axis.  This  symmetry  persisted  with  continued  heating 
at  1650  K. 
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Pattern  sequence  for  a  LaB6  field  emitter  thermally  processed  as  follows:  (a)  4  hours 
1665  K;  (b)  24  hours  at  1665;  (c)  34  hours  at  1665  K;  (d)  1  hour  at  1890  K;  (e)  4  hours 
at  1890  K;  (f)  5  hours  at  1890  K. 


The  pattern  shown  in  Fig.  5(d)  was  found  to  be  unstable  when 
heating  to  higher  temperatures.  Fig.  5(e)  shows  the  pattern  following 
four  hours  of  heating  at  1900  K.  It  is  presumed  that  this  pattern  rep¬ 
resents  a  surface  having  a  structure  different  from  the  bulk  LaBg, 
possibly  as  a  result  of  a  stoichiometric  change.  It  was  possible  to 
restore  the  pattern  to  its  earlier  state  by  heating  at  a  lower  tempera¬ 
ture  of  1650  K.  This  sequence  was  repeated  two  or  three  times  but 
eventually  it  was  no  longer  possible  to  obtain  a  pattern  having  the 
distinct  four-fold  symmetry  of  the  pattern  shown  in  Fig.  5(d). 

A  pattern  of  the  type  shown  in  Fig.  6  was  observed  on  several 
occasions  but  we  never  learned  how  to  reproduce  it  at  will.  In 
addition  to  the  localized  nature  of  the  emission  in  this  state,  the 
pattern  indicated  a  symmetry  suggestive  of  a  short  range  crystalline 
state. 

A  similar  sequence  of  patterns  was  observed  for  LaBg-2,  and 
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for  LaBg-3  samples.  A  symmetrical  pattern  of  the  type  reported  earlier 
could  not  be  achieved  by  thermal  processing. 

High  and  low  temperature  field  evaporation  of  the  surface 
was  investigated  as  a  means  of  obtaining  a  well  defined  and  reproducible 
surface.  Subjecting  the  tip  to  a  positive  potential  of  approximately 
6000  volts  for  one  minute  at  a  temperature  of  1400  K  led  to  a  pattern 
in  which  emission  occurred  only  around  the  edges  of  an  otherwise  com¬ 
pletely  dark  pattern.  Upon  heating,  electron  emission  would  return 
to  the  center  of  the  pattern  and  at  the  same  emitter  voltage  as  before 
field  evaporation.  This  result  indicates  that  no  significant  Increase 
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Figure  6.  Field  emission  pattern  of  LaBg  typically 
observed  after  heating  between  1600  and 
1700  K. 
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in  emitter  radius  had  occurred  and  that  the  changes  in  the  electron 
emission  pattern  were  due  to  the  field  evaporation  of  only  the  sur¬ 
face  layer  or  a  few  layers  of  material.  It  is  presumed  that  field 
evaporation  leads  to  a  depletion  of  lanthanum  on  the  surface  since 
other  studies  show  an  increase  in  work  function  as  the  B/La  ratio 
increases. 

A  brief  study  of  the  electron  emission  pattern  obtained  by 
low  temperature  field  evaporation  in  hydrogen  and  helium  using  both 
field  ion  and  field  electron  microscopy  was  carried  out.  A  LaBg(lOO) 
oriented  emitter  fabricated  from  a  needle  crystal  obtained  from  the 
molten  aluminum  method  was  used.  In  Fig.  7  photo  (a)  a  hydrogen 
field  ion  image  of  the  surface  after  field  evaporation  in  a  hydrogen 
pressure  of  1  x  10“4  torr  is  shown.  An  electron  emission  pattern  of 
the  same  emitter  in  high  vacuum  is  shown  in  photo  (b) .  The  bright 
(or  highly  emitting)  regions  in  photo  (b)  are  due  to  the  [110]  di¬ 
rections.  This  result  was  very  reproducible  and  shows  that  a  co¬ 
herent  pattern  with  emission  from  the  [110]  directions  can  be  obtained 
from  LaB6  by  field  evaporation  in  hydrogen.  A  similar  electron  pat¬ 
tern  was  obtained  with  helium  as  the  imaging  gas.  Field  evaporation 
in  hydrogen  occurred  rapidly  at  a  voltage  of  1.5  times  the  best  image , 
voltage  (BIV) .  In  helium  the  BIV  occurred  at  ~  2  times  the  hydrogen 
BIV  and  field  evaporation  in  helium  required  ~  10%  increase  in  voltage. 
We  thus  conclude  that  hydrogen  promotes  the  field  evaporation  probably 
by  forming  LaH+  or  BH+  which  are  field  evaporated. 
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The  low  temperature  field  evaporation  electron  emission 
patterns  when  compared  with  the  previously  reported^  coherent  ther¬ 
mally  annealed  patterns  show  that  the  (110)  plane  work  function  is 
reduced  by  the  former  process.  A  comparison  of  the  hydrogen  ion 
pattern  of  Fig.  7(a),  which  reflects  the  field  enhancement  distri¬ 
bution,  with  the  corresponding  electron  pattern  in  Fig.  7(b),  which 
reflects  the  work  function  <(>  distribution,  clearly  shows  that 

‘•’llO  <  <t>100' 

On  annealing  the  low  temperature  field  evaporated  surface 
at  ~  1300  K  a  dramatic  change  occurs  in  both  the  ion  and  electron 
pattern  distribution  (see  Fig.  7(c)  and  7(d)).  Electron  emission 
patterns  show  that  the  (110)  planes  have  become  dark  compared  to  the 
central  (100)  plane  and  <f>110  >  <f>100‘  Higher  temperature  annealing 
ultimately  leads  to  the  incoherent  patterns  described  in  Fig.  5. 

A  brief  study  of  electrode  emission  patterns  from  an  SmBg 
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emitter  obtained  from  a  crystal  grown  by  the  molten  aluminum  method 
was  carried  out.  The  emitter  point  was  formed  by  electrochemical 
etching  using  the  identical  procedures  employed  for  LaB6  emitter 
fabrication.  Thermally  annealed  emitter  patterns  which  have  been 
investigated  at  this  juncture,  show  exactly  the  same  incoherent 
pattern  distribution  as  observed  for  the  LaBg  emitter.  A  typical 
SmBg  field  electron  pattern  obtained  after  heating  at  1800  K  is 
shown  in  Fig.  8.  The  SmB6  emitter,  like  the  LaB6,  proved  to  be 
extremely  resistant  to  dulling  but  only  on  occasion  was  a  coherent 
pattern  obtained. 
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In  conclusion  we  note  that  both  LaBg,  SmBg  and  presumably 
other  rare  earth  hexaborides,  such  as  CeB6,  undergo  geometric  recon¬ 
struction  of  the  surface  at  elevated  temperatures  so  as  to  cause  the 
field  electron  emission  distribution  to  have  little  correlation  with 
the  underlying  bulk  crystallographic  symmetry.  On  the  other  hand, 
low  temperature  (~  77  K)  field  evaporation  in  a  low  pressure  (~  10“ 5 
torr)  of  hydrogen  provides  a  reproducible  and  symmetric  electron 
emission  distribution  in  which  the  (110)  planes  exhibit  the  lowest 
work  function.  These  results  were  independent  of  the  various  single 
crystal  growth  methods  used  and  seem  to  be  intrinsic  with  this  class 
of  materials.  Thus,  a  <110>  oriented  RBg  emitter  processed  by  field 
evaporation  in  hydrogen  with  subsequent  heating  not  exceeding  ~  1300  K 
can  be  used  to  provide  a  high  emission  current  along  the  emitter  axis. 

2.  Refractory  Metal  Carbides 

Two  refractory  metal  carbides  have  been  considered  as  po¬ 
tentially  interesting  emitter  materials  because  of  their  high  melting 
point.  A  high  melting  emitter  material  leads  to  an  increased  re¬ 
sistance  to  failure  due  to  melting  of  the  emitter  by  emission  heating 
during  a  transient  voltage  pulse. 

Earlier,**  a  TaC  emitter  was  fabricated  according  to  a  pro- 
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cedure  outlined  by  Eckstein  and  Forman  whereby  a  tantalum  emitter 
was  carburized  by  heating  in  5  x  10“ 3  torr  of  benzonitrile.  Because 
of  little  success  in  obtaining  reproducible  electron  emission  pat¬ 
terns  from  this  fabrication  procedure,  we  attempted  an  arc-zone 
melting  procedure  in  argon  similar  to  that  carried  out.  for  LaBg. 


Unfortunately  when  T  >  2500  K  the  reaction  TaC  -*■  Ta2C  +  C  takes  place 
with  subsequent  evaporation  of  carbon.  This  leads  to  an  Inability  to 
control  stoichiometry  of  the  surface. 

It  was  decided  to  investigate  HfC  since  it  evaporates  con- 
gruently  at  its  melting  point  (like  LaBg)  and  thus  would  be  amenable 
to  single  crystal  fabrication  via  the  arc-zone  melting  method  in  one 
atmosphere  argon  pressure.  Such  a  procedure  was  carried  out  using 
a  high  density  1  mm  diameter  rod  of  HfC  obtained  from  CERAC  Inc., 
Milwaukee,  Wisconsin.  From  a  small  section  of  the  1  mm  diameter  rod 
an  emitter  was  fabricated  electrochemically  using  a  solution  of  3 
parts  nitric  and  1  part  hydrochloric  acid  and  6  to  10  VAC. 

Figure  9  shows  an  SEM  photo  of  the  HfC  emitter  and  mount. 

From  the  faceted  nature  of  the  emitter  we  conclude  that  the  emitter 
is  not  single  crystal,  but  contains  several  large  crystal  grains. 

The  mounting  was  accomplished  by  brazing  the  emitter  in  a  rhenium 

ft*,  ' 

sleeve  using  a  Ta2Co/TaC  brazing  compound.  The  rhenium  sleeve  was 
spot  welded  to  0.20  mm  diameter  rhenium  support  leads  which  were  used 
to  resistively  heat  the  emitter.  Unfortunately  the  emitter  support 
leads  melted  before  emission  photographs  could  be  obtained.  However, 
preliminary  results  were  encouraging  showing  that  ~  1  mA  of  dc  emitted 
current  could  be  obtained.  The  emission  patterns  showed  that  the  (111) 
plane  was  dark  (i.e.  high  work  function)  and  the  (113)  crystallographic 
regions  exhibited  high  emission  density. 

These  preliminary  results  show  that  single  crystals  of  HfC 
can  be  fabricated  by  arc-zone  melting  techniques  and  formed  into  field 
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Figure  9.  SEM  photo  of  HfC  emitter  and  mounting  structure. 
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emitter  structures.  Preliminary  emission  results  show  that  coherent 
emission  patterns  can  be  obtained  by  thermal  cleaning  of  the  HfC 
emitter  and  that  relatively  large  dc  currents  are  obtainable. 

C.  Built-up  Emitters 

Upon  heating  a  field  cathode  above  1000  K  while  drawing  a  field 
emission  current,  surface  tension  forces,  which  tend  to  cause  local 
surface  smoothing  and  overall  dulling  of  a  sharp  emitter,  are  counter¬ 
balanced  by  field  stress  forces  as  described  in  Sec.  IIA.  The  latter 
forces  do  not  work  against  the  tendency  to  smooth  microscopic  roughness 
caused  by  ion  bombardment;  however,  they  do  overcome  and  reverse  the 
macroscopic  dulling  forces  and  cause  faceting  of  certain  crystal  faces 
exposed  at  the  hemispherical,  single  crystal  emitter  tip.  This  process 
is  called  "field  build  up." ^ 

It  has  been  known  for  some  time  that  two  important  corrective 
processes  occur  during  TF  operation.  First,  the  adsorption  of  residual 
gases  on  the  emitter  surface  which  cause  undesirable  current  reduction 
and  flicker  noise  can  be  eliminated.  This  is  due  to  the  rapid  thermal 
desorption  of  adsorbed  gas  layers  so  that  the  equilibrium  coverage  is 
negligible.  These  effects  combine  to  provide  complete  current  stability 
with  respect  to  gas  adsorption  at  high  ambient  pressures.  The  second 
corrective  measure  in  TF  emission  has  to  do  with  smoothing  of  micro¬ 
scopic  surface  roughness  caused  by  positive  ion  bombardment.  Surface 
roughness  due  to  ion  bombardment  not  only  leads  to  current  increase  and 
instability,  but  does  so  in  a  regenerative  fashion  leading  to  rapid 
emitter  destruction.  The  rate  of  formation  of  surface  roughness 
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increases  with  ambient  pressure  and  current.  It  is  also  influenced 
by  the  fraction  of  the  total  current  intercepted  by  the  anode  struc¬ 
ture  through  electron  induced  desorption  of  gas  layers  from  the  anode 
surface.  Thus,  angular  confinement  of  the  electron  beam  at  the  source 
is  highly  desirable  since  it  increases  transmission  for  a  given  angular 
aperture.  By  operating  a  tungsten  field  cathode  at  an  elevated  tempera¬ 
ture  (e.g.,  ~  1000  to  1800  K)  these  microroughness  sites  caused  by  ion 
bombardment  are  immediately  smoothed. 

Now  let  us  examine  the  main  difficulties  in  reducing  a  TF  cathode 
to  a  practical  device.  Upon  applying  a  high  electrical  field  to  a 
heated  field  cathode,  geometric  modification  due  to  field  build  up 
occurs.  If  the  field  stress  exceeds  a  critical  value  these  geometric 
changes  continue  to  occur  with  time  thereby  leading  to  a  generally 
unstable  current.  Moreover,  because  of  geometric  alterations  the 
emission  distribution  can  be  markedly  changed.  This  can  be  a  serious 
deterrent  to  applications  where  a  small  solid  angle  of  emission  is 
being  utilized  from  one  of  the  more  brightly  emitting  portions  of 
the  emitter.  Because  field  build  up  can  lead  to  several  different 

4  13 

end  forms  each  with  different  emission  distribution  configurations,  ’ 

TF  cathodes  have  only  recently  been  considered  practical.  It  has 
generally  been  assumed  that  no  field  built  up  end  form  could  be  ex¬ 
pected  to  reach  a  state  of  equilibrium  with  respect  to  further 
geometric  alteration. 

With  these  factors  in  mind  we  have  examined  several  emitters  which, 
after  undergoing  field  build  up,  operate  with  varying  degrees  of 
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stability  in  a  TF  mode.  We  will  examine  in  detail  the  results  with 
a  U(100)  oriented  emitter  since  the  general  mechanism  is  similar  for 
other  emitters. 

1 .  Build-up  Mechanism 

According  to  Eqs.(l)  and  (2)  the  condition  that  the  applied 
electrostatic  field  stress  just  balance  the  thermodynamic  dulling  force 
(a  condition  not  attainable  for  the  total  emitter  surface)  is  given  by 
the  following: 


For  tungsten  y  =  2900  dyne/cm,  thus, 

Fq  =  8.1  x  104  r"1/2  (V/cm)  (5) 

For  a  typical  emitter  radius  value  of  1600  A,  the  value  of  F  is 

o 

2  x  107  V/cm;  however,  for  a  clean  tungsten  emitter  (<f>  -  4.52  eV) 
the  useful  range  of  current  densities  (J  -  104  to  10®  A/cm2)  corres¬ 
ponds  to  apex  fields  Fq  =  4  to  8  x  107  V/cm.  Thus,  according  to  Eq. 

(5)  TF  cathodes  with  r  >  800  A  would  be  inherently  unstable  with  re¬ 
spect  to  field  build  up. 

The  basic  mechanism  which  controls  the  mode  of  field  build  up 
is  the  relative  surface  free  energy  of  the  various  exposed  crystal  faces 
on  the  hemispherical  emitter.  The  low  index  planes  of  the  tungsten 
hcc  crystal  structure  possess  the  lowest  surface  free  energy  and,  thus, 
form  facets  that  grow  at  the  expense  of  neighboring  high  index  planes. 

Faceting  occurs  through  self  surface  migration  and  requires  tempera¬ 
tures  in  excess  of  ~  1300  K.  Figure  10  shows  a  typical  sequence  of 


patterns  observed  during  field  build  up  of  a  <110>  oriented  tungsten 
emitter  in  which  the  central  (110)  plane,  the  surrounding  (112)  and 
(100)  planes  form  larger  facets.  The  final  end  form,  however,  is  one 
in  which  the  (112)  planes  ultimately  become  ridges  (or  protrusions) 
due  to  the  expanding  (110)  plane  facets.  This  end  form  is  known  as 
(112)  build  up.  Two  other  end  forms  of  field  build  up  have  been  ob¬ 
served  and  are  shown  in  Fig.  11.  Faceting  of  the  (110),  (112)  and 
(100)  planes  lead  to  (310)  build  up  (pattern  c) ,  while  faceting  of 
the  (110)  and  (112)  planes  lead  to  (100)  build  up  (pattern  d) .  It 
is  this  later  built-up  end  form  which  leads  to  a  stable  TF  emission 
mode  and  is  of  central  interest  for  tungsten  and  molybdenum  emitters. 

By  use  of  a  <100>  oriented  field  cathode  one  may  dramatically 
confine  the  emission  to  a  small  solid  angle  about  the  emitter  axis  pro¬ 
vided  that  (100)  build  up  can  be  obtained.  Until  recently  it  has  not 

^  <  A 

been  possible  to  predictably  obtain  a  particular  built  up  end  form.  * 

It  is  instructive  to  derive  an  expression  relating  the  maxi¬ 
mum  current  I  and  emitter  radius  r  for  the  balance  condition  given  by 
m 

Eq. (4) .  The  Fowler-Nordheim  equation  is  given  by 

J  *  —  - ~  F  exp  [-6.83  x  107  4> 3i^2  v(y)/F]  (A/cm2)  (6) 

where  J  and  > p  are  the  current  density  and  work  function  (in  eV)  re¬ 
spectively.  The  applied  field  F  is  in  volts/cm.  Noting  that  the 
image  potential  correction  terms  t(y)  ■  1  and  v(y)  *  0.943  - 
1.525  x  10“  7  F/$2  in  the  F  and  $  range  of  interest,  Eq.(6)  becomes 
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(a)  Clean  W  I  ■  3.6  pA  (b)  Carbon/W;  T  1630  K 

I  =  36  pA 


(c)  (310)  Build  up; 

T  -  1750  K 
I  *  78  pA 


(d)  (100)  Build  up 


T  -  1600  K 
I  «  21  pA 


Figure  11.  Various  FE  patterns  of  a  <100>  oriented  tungsten  emitter; 

(a)  thermally  clean  emitter;  (b)  during  heating  for  several 
hours  at  1630  K;  (c)  after  (310)  build-up  during  heating  at 
1750  K;  (d)  after  (100)  build-up  during  heating  at  1600  K. 
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J  -  1,54  X/°  6  F-2  lO4*53^^2  10-2*8  *  10?  4>3/2/F  (A/cm2)  (7) 

<P 

Combining  Eqs.(5)  and  (7)  and  letting  the  emitting  area  be  irr2  we  ob¬ 
tain  the  relation  between  I  and  r: 

I  =  3.16  *  1Q4r  104.53/^1/2  10-3.45  x  102  f'2  VU2  (A)  (8) 

<P 

Eq.(8)  gives  the  maximum  current  available  when  the  balance  condition 
in  Eq.(4)  is  maintained.  It  is  easily  shown  that  Eq.(8)  has  a  maximum 
at 

r  =  3.36  x  10_5/<J>3  (cm)  (9) 

m 

e 

thus,  for  <j>  =  4.5  eV,  r^  =  37  A.  Table  2  gives  values  of  J,  r,  and  I 

obtained  from  Eqs.(7)  and  (8). 

TABLE  2 

EMISSION  CHARACTERISTICS  AT  THE  CONDITION  OF  BALANCE  BETWEEN 
ELECTROSTATIC  AND  SURFACE  TENSION  FORCES 


<KeV) 

F(x  10 7  V/cm) 

J(A/ cm2) 

r(A) 

1(A) 

4.50 

4.0 

6.8  x  104 

410 

3.6  x  10"7 

4.50 

5.0 

2.0  x  106 

266 

4.4  x  10“6 

4.50 

6.0 

2.6  x  107 

182 

2.7  x  10"5 

4.50 

13.3 

8.3  x  IQ9 

37 

3.6  x  IQ"3 

It  is  only  through  the  pyramidal  structure  formed  on  the  (100) 

plane  by  the  expanding  (110)  and  (112)  facets  that  such  small  radii  and 

large  current  densities  as  given  in  Table  2  can  be  realized. 

Current  density  values  for  the  W(100)  built  up  cathode  in  the 

10 8  to  109  A/ cm2  range  have  been  measured  while  operating  in  a  stable 
14 

mode.  The  basic  limit  to  the  current  drawn  from  the  emitter  is  re¬ 
sistive  heating  of  the  conical  shaped  emitter  shank.  Using  the  model 
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of  a  tuncated  cone  whose  radius  at  the  point  of  truncation  is  r  and 
interior  cone  half  angle  is  a,  one  obtains  the  following  solution  for 
the  temperature  difference  AT  between  the  cone  base  and  point  of 
truncat ion : 


AT  - 


P 

2Kir2 


(10) 


where  p  and  K  are  the  resistivity  and  thermal  conductivity  of  the  emitter. 
This  equation  suggests  that  as  r  decreases  at  a  constant  I  both  the  cur¬ 
rent  density  J  =  i/trr2  and  emitter  temperature  AT  increase.  In  the  trun¬ 
cated  cone  model  the  decrease  in  r  is  obtained  by  increasing  the  length 
of  the  truncated  cone  at  constant  a.  In  contrast,  the  built  up  W(100) 
emitter  increases  J  at  a  constant  I  not  by  decreasing  r  on  a  macroscopic 
scale,  but  rather  by  confining  the  emitting  area  on  a  microscopic  scale 
through  a  local  geometric  change  in  both  r  and  a  so  that  (1/ar)  remains 
roughly  unchanged.  In  other  words,  the  gross  dimensions  of  the  emitter 
which  control  the  heat  flow  and,  hence,  AT  are  not  altered  by  the  act  of 
build  up.  From  FN  plots  it  has  been  determined  that  the  emitting  area 
of  a  built  up  W(100)  emitter  is  reduced  by  a  factor  of  ~  0.005;  if  we 

assume  that  the  above  analysis  is  correct,  then  J  for  the  built  up 

max 

emitter  is  increased  by  a  factor  of  200  or  J  ■  10®  tolO9  A/ cm2  for 

max 


W(100)  built  up. 


The  basic  mechanism  which  controls  the  mode  of  field  build  up 
is  the  relative  surface  free  energy  of  the  various  exposed  crystal  faces 
on  the  hemispherical  emitter.16  The  surface  free  energy  of  the  various 
crystal  planes  is  affected  by  the  presence  of  adsorbed  layers.  Figures 
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12  and  13  show  the  emission  pattern  sequence  during  (100)  build  up 
from  a  clean  and  slightly  oxlded  tungsten  surface  respectively. 

Figure  12  shows  that  the  initial  stage  involves  the  faceting  of  the 
(110),  (112)  and  (100)  planes.  Experience  has  shown  that  a  slight 
amount  of  carbon  will  cause  the  undesirable  (310)  built  up  end  form 
shown  in  pattern  (c)  of  Fig.  11.  A  truly  clean  tungsten  surface  may 
revert  to  a  (112)  built  up  end  form  shown  in  the  Fig.  10  sequence.  In 
contrast.  Fig.  13  shows  that  starting  with  an  oxide  surface  inhibits 
the  central  (100)  plane  from  faceting  at  any  stage  and  promotes  faceting 
of  the  (112)  and  (310)  planes.  In  all  cases  starting  with  a  slightly 
oxided  surface  leads  to  (100)  build  up.  Clearly,  the  oxide  layer  in¬ 
creases  the  surface  free  energy  of  the  (100)  plane.  -phe  final  built 
up  end  form  appears  to  consist  of  a  pyramid  with  four  (110)  sides 
intersecting  near  the  apex  with  a  small  radius  of  curvature  that  con¬ 
fines  the  emission  solid  angle  and  reduces  the  voltage  required  to  draw 
a  specific  current  by  approximately  50%. 

Another  Important  role  played  by  the  oxide  layer  is  that  of 
removing  carbon  impurities  by  forming  the  stable  molecule  carbon  mon¬ 
oxide  which  desorbs  from  the  surface  at  1400  K.  The  undesirable  role 
of  carbon  is  illustrated  in  Fig.  11  pattern  (b)  which  shows  a  large 
facet  on  the  (100)  plane.  Apparently  carbon  lowers  the  surface  free 
energy  of  the  (100)  plane.  Such  a  surface  is  resistant  to  any  form 
of  build  up  unless  it  is  treated  with  a  partial  pressure  of  oxygen  at 
1400  K  to  remove  carbon  as  carbon  monoxide. 


Figure  12.  FE  pattern  sequence  of  (100)  build-up  for  a  clean  tungsten 
emitter  at  1745  K.  Current/time  relationship  given  in 
Figure  15. 
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0  sec 


t  =  510  sec 


13.  FE  pattern  sequence  of  (100)  build-up  for  a  slightly 
oxidized  tungsten  emitter. 


Figures  14  and  15  illustrate  the  dramatic  change  in  the  time/ 
temperature  relationship  for  build  up  caused  by  oxygen.  As  observed, 
(100)  build  up  occurs  with  a  large  increase  in  current.  With  the  ox¬ 
ide  layer  starting  point  Fig.  14  shows  that  at  the  same  temperature 
the  time  required  to  attain  (100)  build  up  is  reduced  by  a  factor  of 
27.  Figure  16  shows  the  temperature  dependence  of  the  current 
time  relationship  of  (100)  build-up  from  an  oxide  surface  starting 
point. 

We  have  observed  that  (100)  build  up  can  take  place  in  a  pres¬ 
sure  as  high  as  2  x  10” 7  torr  as  shown  in  Fig.  17.  A  comparison  with 
the  Fig.  14  results  shows  that  the  build  up  time  is  100  seconds  at 
T  =  1745  K  both  at  P  *  1  *  10“9  torr  and  P  ■  2  *  10”  7  torr.  However, 
in  order  to  experience  long  lived  and  relatively  noise  free  cathode 
operation  one  should  operate  in  the  10“8  torr  pressure  range.  The 
presence  of  a  load  resistor  (indicated  by  R^)  in  the  anode  circuit  of 
the  field  emission  diode  has  the  effect  of  slowing  down  the  build-up 
process  and  limiting  the  maximum  current. 

It  should  be  pointed  out  that  the  thermal  removal  of  the  oxide 
layer  requires  temperatures  in  excess  of  1900  K.  Thus,  operation  in 
the  1200  to  1700  K  range  will  allow  nearly  infinite  life  of  the  oxide 
layer.  Should  the  oxide  layer  become  removed  it  can  be  readily  restored 
by  heating  at  1200  to  1600  K  in  a  pressure  range  of  oxygen  of  10~6  to 
10-7  torr  for  a  few  minutes.  Frequently,  water  vapor  and  carbon  dioxide 
are  more  common  residual  gas  components  than  oxygen.  Both  CO2  and  H2O 
can  be  sources  of  replenishment  of  the  oxide  layer  through  dissociative 
adsorption  as  follows: 
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Figure  15.  Current/time  characteristics  of  W(100)  build-up  from  a  clean  emitter 


Current /time  characteristics  of  W(100)  build-up  from  a  slightly  oxidized 
W(100)  emitter. 


Current/time  characteristics  for  (100)  build-up  with  (1)  and  without  (2) 
a  load  resistor.  A  slightly  oxidized  emitter  was  used  and  the  build-up 
carried  out  in  high  background  pressure. 


H20  +  W(s)  -V  H2 

+  +  W  0(s) 

(ID 

C02  +  W(s)  -►  CO 

+  +  W  0(s) 

(12) 

Hydrocarbon  gases  such  as  methane,  ethane,  etc.  are  undesirable  in 
that  they  adsorbed  dissociatively  leaving  carbon  impurities  at  the 
surface. 

2.  Specific  Processing  and  Operating  Procedures  for  W(100) 
Build-up 

The  specific  ingredient  necessary  to  assure  <100>  build  up  is 
the  presence  of  an  oxide  layer  on  the  tungsten  surface.  Fortunately  an 
oxide  layer  occurs  naturally  during  initial  thermal  processing  of  a 
freshly  formed  field  emitter.  Specifically,  <100>  build  up  can  be  ob¬ 
tained  with  nearly  complete  reliability  by  heating  in  the  range  1200  to 
1800  K  and  slowly  increasing  the  field  such  that  a  current  of  1  to  20  pA 
is  obtained.  The  higher  forming  temperature  results  in  a  higher  voltage 
cathode.  The  transition  to  the  <100>  build  up  mode  occurs  rapidly  with 
a  sudden  increase  in  current  and  shift  in  emission  distribution  as  noted 
in  Figs.  14-16.  After  build  up  the  temperature  can  be  adjusted  to  a 
desired  value  between  1200  and  1900  K;  however,  for  most  stable  long 
term  operation  an  operating  temperature  of  1850  K  is  most  desirable. 

If  the  pressure  is  in  the  10~9  torr  range  the  cathode  can  be  operated 
for  short  periods  at  room  temperature  with  little  risk. 

In  order  to  retain  the  build  up  configuration  after  turn  off, 
the  cathode  temperature  should  be  reduced  a  few  seconds  prior  to  turning 
off  the  high  voltage.  On  turning  on  the  field  cathode  current  the  vol¬ 
tage  and  temperature  should  be  turned  on  simultaneously.  The  emitter 
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can  be  unbuilt  by  reducing  the  field  while  the  temperature  remains  on. 
Generally,  it  can  be  built  up  again  and  this  cycle  can  be  repeated  at 
will  provided  the  surface  oxide  layer  is  retained. 

In  most  applications  a  total  pressure  of  1  to  5  *  10-8  torr 
will  possess  a  sufficiently  high  partial  pressure  of  oxygen  that  <100> 
build  up  can  be  expected.  Operation  above  1900  K  will  remove  the  oxide 
layer  and  can  lead  to  non-  <100>  build  up.  Therefore  carbonacious  gases 
such  as  methane  and  other  hydrocarbon  gases  should  not  be  allowed  to 
exceed  10“9  torr  range  in  the  tip  region. 

3.  Build-up  of  Other  Emitter  Materials 

Field  build  up  of  one  sort  or  another  will  occur  with  all  emitter 
materials  provided  the  temperature  is  sufficiently  high  to  cause  mobility. 
As  mentioned  previously  certain  bulk  impurities  (e.g.  carbon  in  tungsten) 
are  able  to  inhibit  surface  mobility  and,  hence,  build-up  (see  reference 
16) .  As  a  rule  the  bcc  metals  molybdenum  and  tungsten  undergo  (100) 
build-up  in  the  absence  of  carbon  and  with  a  slightly  oxided  surface. 
Tungsten,  because  of  its  higher  melting  point  and  tensile  strength  appears 
to  be  the  more  durable  emitter  of  the  two.  Figure  18  shows  a  FN  plot  of 
the  I(V)  characteristics  of  a  molybdenum  emitter  before  and  after  (100) 
build-up.  The  emission  patterns  and  build  up  mechanism  is  nearly  iden¬ 
tical  with  that  of  tungsten. 

Figure  19  shows  the  before  and  after  built-up  patterns  for  a 
<100>  oriented  iridium  and  <111>  oriented  tantalum  emitter.  Figures  20 
and  21  show  the  before  and  after  FN  plots  of  the  iridium  and  tantalum 
emitters.  In  the  case  of  tantalum  it  was  observed  the  carbon  or  oxygen 
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Annealed  Ir(lOO) 


Built  Up  lr(100) 


Annealed  Ta(lll)  Built  Up  Ta(lll) 

Figure  19.  FF.  patterns  of  unbuilt  end  built-up  iridium  and  tantalum 
emitters . 
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impurities  caused  the  (100)  plane  to  build  up  much  like  tungsten;  how¬ 
ever  with  a  clean  tantalum  surface  the  (111)  plane  builds  up  in  the 
temperature  range  1400-1750  as  shown  in  Fig.  19.  Apparently  the  (112) 
and  (100)  planes  facet  so  as  to  cause  a  protrusion  to  occur  along  the 
<111>  direction.  The  three  symmetrical  bright  emission  regions  on  the 
edge  of  the  annealed  tantalum  emission  pattern  are  the  (100)  planes. 
Because  of  the  high  melting  point  of  tantalum  the  (111)  built-up  emitter 
operated  in  the  TF  mode  has  proven  to  be  a  durable  emitter.  Life 
studies  carried  out  for  this  emitter  are  discussed  In  a  later  section 
of  this  report. 

The  build  up  process  of  the  fee  metal  iridium  was  also  in¬ 
vestigated.  In  this  case  the  build-up  occurs  on  the  (110)  plane  in 
the  temperature  range  1300  to  1500  K  due  to  facet  formation  on  the  (100) 
and  (111)  planes.  The  ring  around  central  (100)  plane  in  the  annealed 
iridium  pattern  of  Fig.  19  is  due  to  impurities  which  are  suspected  to 
be  carbon.  It  was  found  that  when  build-up  would  not  occur  properly, 
heating  in  10“  7  torr  oxygen  at  ~  1200-1400  K  frequently  led  to  success¬ 
ful  (110)  build-up.  Obviously,  one  would  require  a  <110>  oriented 
iridium  emitter  in  order  to  place  the  high  emission  direction  on  the 
emitter  axis.  The  built-up  iridium  emitter  will  be  discussed  later 
in  connection  with  use  as  a  field  ion  source.  At  present  it  appears 
to  offer  no  advantage  over  tungsten  as  a  built-up  TF  source. 

Table  3  gives  a  summary  of  some  of  the  relevant  parameters 
comparing  the  built-up  with  the  unbuilt  (annealed)  end  forms.  In 


terms  of  angular  confinement  of  the  various  end  forms,  the  (100) 
build-up  end  form  of  tungsten  and  molybdenum  are  superior.  This 
results  from  the  largest  angular  separation  between  the  built  up 
direction  and  the  nearest  crystallographic  direction  with  the  same 
set  of  Miller  indices.  The  built-up  iridium  emitter,  if  it  were 
oriented  along  the  <110>  direction,  may  also  build  up  along  the 
101,  Oil,  Oil  or  101  directions  since  the  field  60°  from  the 
emitter  apex  may  be  sufficiently  high  to  cause  partial  build-up 
of  the  latter  planes.  Such  would  not  be  the  case  for  W(100), 
Mo(100)  and  probably  Ta(lll)  build-up.  In  addition,  the  (100) 
built-up  emitters  exhibit  the  largest  FN  slope  and  voltage  ratios 
in  Table  3  which  is  indicative  of  the  greater  localization  of  the 
emission  after  build-up. 

The  last  column  of  Table  3  gives  the  activation  energies 
calculated  from  the  variation  of  build-up  times  with  temperature  for 
each  material.  The  order  of  the  activation  energy  reflects  the 
order  of  the  gross  surface  diffusion  rates  involved  in  mass  trans¬ 
port  as  the  build-up  occurs. 
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Coated  Emitters 


The  primary  emphasis  on  coated  emitters  (i.e.,  emitters  with  an 
adsorbed  monolayer  film)  during  this  investigation  has  been  the  zir¬ 
conium  coated  <100>  oriented  tungsten  emitter.  The  desirable  proper¬ 
ties  of  this  emitter  are  (1)  the  confinement  of  emission  to  the  <100> 
direction  due  to  selective  work  function  lowering;  (2)  the  high  degree 
of  thermal  stability  of  the  coating;  (3)  the  ability  to  use  large  radii 
emitters  without  concomitant  increase  in  emitter  operating  voltage.  The 
latter  property  is  due  to  the  low  (~  2.6  eV)  work  function  of  the  coating. 

In  a  recent  investigation^  of  the  basic  surface  physics  of  zir¬ 
conium  and  oxygen  coadsorbed  on  W(100)  it  was  learned  that  the  low  work 
function  surface  consisted  of  a  ZrO  entity  absorbed  in  the  bulk  and 
adsorbed  at  the  W(100)  surface.  Increasing  the  ambient  oxygen  pressure 
above  the  heated  Zr/0/W(100)  surface  leads  to  a  decrease  in  both  oxygen 
and  tungsten  as  measured  by  Auger  electron  spectroscopy  (AES) .  This 
result  is  shown  in  Fig.  22  where  the  Zr  and  0  AES  peaks  relative  to  W 
decrease  with  increasing  oxygen  pressure.  The  work  function  also  in¬ 
creased  with  increasing  oxygen  pressure.  Interestingly,  this  process 
is  reversible,  i.e.,  decreasing  the  oxygen  pressure  leads  to  a  restor¬ 
ation  of  the  ZrO  complex  at  the  surface  and  a  reduction  in  work  function. 
Apparently  the  oxygen  partial  pressure  controls  the  partitioning  of  the 
ZrO  complex  between  the  adsorbed  and  absorbed  state. 

Various  methods  of  applying  zirconium  to  the  field  emitter  were 
discussed  earlier.**  Figure  23  shows  an  SEM  photograph  of  a  W(100)  emitter 
with  a  reservoir  of  zirconium  located  along  the  emitter  shaft.  When 


gure  22.  Plot  of  the  Indicated  Auger  spectrum  peak  height  ratios  from  a  co-adsorbed 
layer  of  oxygen  and  zirconium  on  a  W(100)  crystal  face. 


operated  at  ~  1800  K  the  zirconium  reservoir  supplies  the  emitter  tip 
via  surface  and  bulk  diffusion. 

The  effect  of  oxygen  on  the  TF  emission  properties  of  the  Fig.  23 
Zr/0/W(100)  field  emitter  has  been  investigated.  Figure  24  shows  the 
effect  of  oxygen  pressure  on  the  TF  emitted  current  at  various  emitter 
operating  temperatures.  The  beam  current  being  measured  in  Fig.  24 
through  a  7.5  mrad  half  angle  aperture  exhibits  a  maximum  value  at 
various  oxygen  partial  pressures  depending  on  the  emitter  temperature. 

In  addition,  the  emission  pattern,  which  consists  of  a  central 
bright  spot  surrounded  by  one  or  two  concentric  rings  of  emission, 
undergoes  a  cyclic  variation  shown  in  Fig.  25.  A  beam  acceptance  half 
angle  of  86  mrad  partly  obscures  the  ring  of  emission  which  surrounds 
the  central  bright  spot  (see  Fig.  25  (b)).  However,  it  can  be  seen  in 
the  sequence  of  pattern  pictures  that  the  central  bright  spot  and  concen¬ 
tric  ring  collapse  toward  the  center  with  time  while  operating  at  ele¬ 
vated  temperature  and  oxygen  pressure.  With  increasing  emitter  tempera¬ 
ture  and  oxygen  pressure  the  rate  of  the  cyclic  pattern  and  current 
change  increases. 

In  view  of  the  Figs.  22  and  24  results  and  other  studies,^  a  pos¬ 
sible  explanation  of  the  cause  of  the  Fig.  25  results  is  an  oxygen  in¬ 
duced  diffusion  of  excess  zirconium  into  the  bulk.  This  results  in  a 
dynamic  equilibrium  between  supply  by  surface  diffusion  and  removal  by 
bulk  diffusion  of  the  ZrO  overlayer.  The  shifting  of  the  equilibrium 
ZrO  coverage  by  oxygen  pressure  will  also  alter  the  surface  work  function 
which,  in  turn,  governs  the  emission  current  variations  as  shown  in  Fig. 
24. 
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BEAM  CURRENT  vs  PARTIAL  02  PRESSURE 
POR  VARIOUS  W/Zr  CATHODE  TEMPERATURES 


Pattern  pictures  through  a  86  mrad  half  angle  aperture  for  a  Zr/W(100)  TF  emitter 
operating  at  1770  K  and  in  an  oxygen  pressure  of  2  x  10“7  torr.  The  time  and  current 
levels  are  indicated. 


Fortunately  after  several  hours  of  operation  the  emission  distri¬ 
bution  becomes  a  single  bright  spot  (as  in  Fig.  25(d))  which  no  longer 
changes  with  time  provided  the  oxygen  pressure  is  eliminated. 

E.  Total  Energy  Distributions  of  Field  Emitted  Electrons  at  High 

Current  Density  For  the  Zr/W(100)  and  Built-up  W(100)  Cathodes 

In  this  study,  we  report  an  anomalous  broadening  of  the  total 

energy  distribution  (TED)  of  field  emitted  electrons  at  high  current 

density.  Previous  investigators  have  noted  various  deviations  in  the 

18—22 

TED  of  field  emitted  electrons  from  clean  metal  surfaces.  The 

deviations  referred  to  are  those  experimental  TED  results  which  do 

2 

not  follow  the  theory  put  forth  by  Fowler  and  Nordheim  (FN)  based 

on  the  Sommerfeld  free  electron  model  of  the  solid  and  later  modified 

23 

to  include  the  effect  of  temperature.  Such  deviations  observed  in 

the  TED  include  (1)  those  due  to  alteration  of  the  substrate  local 

density  of  states  due  to  bulk  band  structure ^  *  3  or  surface  ad- 
2f>  27 

sorption;  ’  (2)  relaxation  processes  involving  electron  scatter- 

20  28  29 

ing  in  the  bulk;  ’  ’  (3)  energy  broadening  due  to  tunneling 

lifetimes.^ 

For  the  most  part,  the  TED  deviations  referred  to  above  consist 
of  relatively  small  perturbations  that  require  sensitive  electron 
spectrometers  for  their  detection  and  have  no  detectable  effect  on  the 
current-voltage  I(V)  characteristics  as  analyzed  by  so-called  FN  plots 
and  have  little  effect  on  the  value  of  the  FWHM.  Recently,  it  was 
reported  that  a  significant  broadening  (i.e.,  increase  in  the  IVHM 
of  the  TED  beyond  theoretical  expectation)  occurred  when  field 


emitters  were  operated  in  the  thermal  field  (TF)  mode  at  high  current 

density  J  >  106  A/cm2.^  In  addition,  this  anomalous  increase  in  FWHM 

of  the  TED  was  accompanied  by  deviations  in  the  FN  plot,  which  had  been 
31 

observed  earlier,  and  an  unusual  reduction  in  the  1/f  noise  amplitude. 

The  purpose  of  this  investigation  was  to  study  the  effect  of  such 
parameters  as  emitter  size,  current  density,  temperature,  work  function 
and  beam  acceptance  angle  on  the  FWHM  of  TED  measurements  taken  at  large 
values  of  J.  The  FE  sources  used  in  this  study  were  low  work  function 
zirconium  coated  Zr/W(100)^ and  the  high  work  function  W(100) 
built  up^»^*^  emitter.  These  emitters  are  capable  of  high  J  operation 
over  the  temperature  range  78  to  1900  K  and  confine  the  emission  to  an 
8®  half  angle. 

Besides  the  general  interest  in  characterizing  and  understanding 
the  TED  broadening  phenomenon,  there  is  further  interest  regarding  its 
effect  on  the  use  of  FE  sources  in  a  growing  number  of  microprobe  appli¬ 
cations.  Both  of  the  FE  sources  investigated  here  are  capable  of  long 
lived  dc  operation  at  angular  intensities  in  excess  of  1  mA/sr.  However, 
the  enhanced  broadening  of  the  TED  will  cause  chromatic  aberration  to 
become  a  dominant  factor  limiting  the  spot  size  of  a  focussed  beam. 

In  Section  1,  the  FE  sources  and  method  of  measurement  are  de¬ 
scribed  in  further  detail.  Sections  2  and  3  describe  the  experimental 
techniques  and  results.  In  Section  A,  a  discussion  of  the  results  and 
possible  mechanisms  explaining  the  enhanced  TED  are  presented.  We  con¬ 
clude  that  a  possible  mechanism  is  that  Involving  collective  coulomb 
interaction  between  the  emitted  electrons  similar  to  that  proposed  by 
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Loeffler , 33  Zimmerman34  and  others35  to  explain  the  TED  broadening  noted 
by  Boersch3^  at  beam  crossovers.  However,  certain  electron  energy 
broadening  mechanisms  occurring  in  the  bulk  cannot  be  ruled  out  as  con¬ 
tributing  to  the  anomalous  TED  broadening  reported  here. 

1.  Method  of  Approach 

Based  on  the  Sommerfeld  model  of  metals,  the  TED  of  field 


emitted  electrons  is  given  by 


E,  +  e 

I  M 


J(e)  -  (4inne/h3)  f(e)  /  D(W) 


where  e  *  E  -  is  the  total  electron  energy  relative  to  the  Fermi 

level  E^  and  W  is  the  kinetic  energy  associated  with  the  component 

of  momentum  perpendicular  to  the  surface.  The  term  f(0  is  the  Fermi 

function,  f(e)  *  1/[1  +  exp  (e/kT)],  while  D(W)  is  the  one-dimensional 

37 

transmission  function  which  is  obtained  from 


D(W)  =  [1  +  exp  A(W)]"1 


where 


4/2m\l/2  (Ef  +  *'W> 

A(W)-4(  — )  — “  ? - 

3  W/ 


v(y)  . 


When  TED  measurements  are  made  at  low  temperatures  and  examined 
in  an  energy  range  extending  no  more  than  a  few  tenths  of  an  eV  on 
either  side  of  the  Fermi  level,  then  it  may  be  adequately  represented 
by  the  simple  expression: 


J(e)  -  CJQ/d)  f(e)  exp(e/d) 


where 
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(16) 


d  *  h  eF/2(2m«f>)  1//2  t(y) 

and  J  is  the  0  K  FN  relation 
o 

3  2 

J  - - - — - -  exp  [— 4(2m<j>3)  */2  v(y)/3heF]  (17) 

°  8tt  h<J>t2  (y) 

where  v(y)  and  t(y)  are  tabulated  correction  terms  due  to  the  image 

23 

potential  and  are  explained  in  detail  elsewhere. 


The  approximate  expression  for  J(e)  given  in  Eq.(l5)  is  accurate 

for  p  =  kT/d  <  0.7.  However,  for  p  >  0.7  the  approximations  used  in 

deriving  Eq.(15)  break  down  and  the  TED  must  be  evaluated  by  numerically 

38 

integrating  Eq.(13).  El-Kareh,  Wolfe  and  Wolfe  have  carried  out  the 

numerical  integration  of  Eq.(13)  over  the  complete  temperature  field 

39 

and  work  function  range;  in  addition,  they  along  with  others  performed 
the  integration 

00 


J(T,F) 


J(e)  de 


(18) 


o 

which  gives  the  current  density  over  the  complete  range  of  the  variables 
T,  F  and  <f>.  Eq.(17)  is  the  result  of  performing  the  integration  of 

Eq . (18 )  at  T  =  0. 


Eqs.(13)  and  (18)  were  evaluated  at  d>  *  2.5  and  4.5  eV  using 

38 

the  numerical  integration  techniques  described  elsewhere.  These  are 
the  work  function  values  appropriate  for  the  Zr/W(100)  and  W(100)  built- 
up  emitters  investigated  in  this  study.  Figures  26  and  27  give  the  re¬ 
lationship  between  the  FWHM  and  F.  The  arrows  on  the  ordinate  indicate 
the  electric  field  range  applicable  to  the  respective  emitters.  The 
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origin  of  the  maxima  in  the  FWHM  is  as  follows:  at  high  fields,  emis¬ 
sion  is  dominated  by  emission  from  the  vicinity  of  the  Fermi  level, 
whereas  at  low  fields,  it  is  confined  to  the  top  of  the  work  function 
barrier.  On  the  other  hand,  at  intermediate  fields,  comparable  emis¬ 
sion  occurs  in  the  region  of  the  Fermi  level  and  the  top  of  the  work 
function  barrier  leading  to  the  maxima  in  the  Figs.  26  and  27  curves. 

The  maxima  in  the  Figs.  26  and  27  curves  are  largest  for  the  high  work 
function  emitter;  however,  except  for  T  >  1800  K,  they  lie  outside  the 
field  range  of  interest. 

We  thus  conclude  that  in  the  field  and  temperature  range  of 

interest  for  the  two  emitters  investigated  in  this  study,  the  FWHM 

40 

should  not  exceed  ~  1  eV.  Previous  studies  by  Gadzuk  and  Plummer 
18,20 

and  others  have  shown  that  for  low  field  strengths  and  a  tempera¬ 

ture  range  extending  from  78  to  1500  K  a  tungsten  emitter  gave  TED  re¬ 
sults  in  agreement  with  theoretical  expectations  except  for  the  well 
known  structure  in  the  W(100)  TED  that  occurs  at  e  *  -0.35  and  -0.70  eV. 

The  two  emitters  chosen  for  this  study,  besides  their  cap¬ 
ability  of  being  operated  at  temperatures  up  to  1900  K,  can  also  be 
operated  at  very  high  values  of  current  density.  The  thrust  of  this 
study  was  to  measure  the  FWHM  of  the  TED  curves  obtained  from  these 
two  emitters  and  compare  the  results  with  Fig.  26  and  27  predictions. 

In  particular,  we  measured  the  TED  curves  obtained  from  these  two 
emitters  for  higher  values  of  J  than  have  heretofore  been  examined. 
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2.  Experimental 


Two  retarding  potential  analyzers  were  used  in  this  study, 

18 

one  of  which  has  been  described  earlier  and  involves  focussing  the 
emitted  electrons  to  a  crossover  at  the  center  of  a  retarding  hemi¬ 
sphere;  the  other  analyzer  employed  was  a  non-crossover  retarding 
analyzer  in  which  the  electrons  are  retarded  along  radial  paths  by 
concentrically-arranged  spherical  electrodes.  A  cross  section  of  the 
latter  analyzer  is  depicted  in  Fig.  28  and  Table  4  gives  the  radii 
and  relative  operating  potentials  of  the  electrodes.  Electrode  po¬ 
tentials  were  determined  according  to 

v(r>/V(ro)  -  1  -  ji-  (l  -  f)  (19) 

where  r^  is  the  inner  sphere  radius  and  R  is  the  outer  sphere  radius. 
In  practice,  the  best  resolution  was  obtained  if  the  potential  of 
electrode  D  was  .03  V(rQ)  and  electrode  E  was  operated  at  3V.  A 
negative  sweep  potential  was  applied  to  the  emitter  in  order  to  dis¬ 
play  the  retarding  current-voltage  characteristics.  The  selecting 
electrode  (E)  contained  a  1000  line/in.  platinum-coated  copper  mesh 
through  which  electrons  were  transmitted  into  the  Faraday  collector 
(F).  The  emitter  was  mounted  on  a  glass  bellows  arrangement  in  order 
to  align  it  with  the  spherical  electrodes.  For  best  resolution,  the 
emitter  was  positioned  .56  mm  behind  the  center  of  symmetry  of  the 
hemispherical  electrodes.  A  fluorescent  screen  on  electrode  (B)  was 
provided  for  pattern  observation.  The  resolution  of  this  analyzer  was 


TABLE  4 


* 


SPHERICAL 

RETARDING  ANALYZER 

ELECTRODE  SPECIFICATION 

BASED  ON  EQ. (19) 

Inner 

Aperture 

Relative 

Electrode 

Radius  (mm) 

Diameter  (mm) 

Voltage 

A 

3.96 

3.05 

1.0 

B 

10.54 

0.71 

0.264 

C 

14.10 

0.71 

0.164 

D 

20.27 

0.71 

0.060 

E 

30.38 

3.81* 

0 

*  covered  by  1000  lines /in.  copper  mesh 


~  50  meV  as  determined  from  the  leading  edge  of  the  TED  taken  at  an 
emitter  temperature  of  78  K. 

Both  electron  energy  analyzers  yielded  directly  the  inte¬ 
gral  of  the  FE  current  with  respect  to  the  electron  energy;  this  was 
differentiated  electronically  to  provide  the  TED.  At  elevated  tem¬ 
perature,  the  extent  to  which  the  TED  measurements  could  be  carried 
out  along  the  low  energy  tail  was  limited  by  beam  noise.  Temperature 
control  of  the  emitter  was  accomplished  by  the  well  known  4  lead 
emitter  assembly  where  two  small  diameter  (~  0.1  mm)  leads  sample  the 
emitter  filament  resistance.  Temperature  calibration  for  T  >  1000  K 
was  performed  using  an  optical  pyrometer,  while  temperature  calibration 
for  T  <  1000  K  was  accomplished  by  using  the  resistivity-temperature 
dependence  relationship  for  pure  tungsten. 

\A 

\ 

The  two  electron  energy  analyzers  were  mounted  on  bakable, 
high-vacuum  systems  capable  of  attaining  a  pressure  <  8  *  10  10  torr. 
Because  of  the  high  total  electron  current  levels  used  in  this  study, 
electron-stimulated  desorption  of  absorbed  gases  on  the  anode  limited 
the  effective  pressure  at  the  emitter.  This  problem  could  be  reduced 
to  a  tolerable  level  by  operating  the  emitter  for  several  hours  at 
high  current  level  prior  to  taking  TED  measurements. 

3.  Experimental  Results 

Measurements  of  the  TED  curves  were  carried  out  as  a  function 
of  T,  F,  8  and  beam  aperture  angle.  The  field  factor  &  “  F/V  was  deter¬ 
mined  in  the  usual  way  from  the  slope  of  the  low  temperature  FN  plot 
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(i.e.  In  I/V2  vs  1/V)  by  assuming  the  previously  stated  4>  values.  The 
beam  acceptance  angle  was  the  solid  angle  (£2)  subtended  at  the  emitter 
by  the  beam  defining  aperture.  The  "crossover"  analyzer  was  operated 
with  two  different  apertures  giving  £2  =  0.14  and  0.54  msr,  while  the 
non-crossover  analyzer  was  operated  with  one  aperture  size  giving 
£2  =  0.97  msr. 

Figures  29  to  32  show  the  experimental  TED  curves  obtained 
from  the  crossover  energy  analyzer  for  the  W(100)  built  up  and  Zr/W(100) 
emitters  at  various  values  of  F  and  two  extreme  values  of  T.  A  few  of 
the  theoretical  curves  normalized  to  the  respective  experimental  curve 
peak  heights  are  given  for  comparison  purposes.  Figures  33  and  34  give 
the  comparison  between  the  experimental  and  theoretical  values  of  FWHM 
for  the  Figs.  29  to  32  data.  A  large  discrepancy  can  be  seen  between 
experiment  and  theory  at  large  values  of  F  for  both  high  and  low 
temperatures. 

Figure  35  shows  the  high  temperature  FWHM  values  for  the  W(100) 
built  up  emitter  taken  in  the  crossover  analyzer  with  a  larger  beam 
acceptance  angle  (£2  *  0.54  mSr)  and  at  various  values  of  emitter  radii. 
The  FWHM  values  are  given  in  terms  of  the  beam  angular  intensity  in 
order  to  show  its  dependence  on  the  latter  parameter.  Figure  36  gives 
similar  results  for  a  W(100)  built  up  emitter  with  approximately  the 
same  emitter  radius  r  (i.e.  similar  values  of  (3,  where  6  «  1/r)  but 
at  various  beam  acceptance  angles.  The  values  for  £2  ■  0.97  mSr  in  Fig. 
36  were  obtained  from  the  non-crossover  analyzer  as  were  the  Fig.  37 
results  which  were  taken  with  a  smaller  6  value  emitter  at  several 
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Figure  30.  Solid  lines  are  the  experimental  TED  curves  for  a  W(100) 
built-up  emitter  taken  at  the  Indicated  electric  fields 
and  temperature;  dashed  lines  are  the  corresponding 
theoretical  curves  using  <}>  ■=  4.5  eV  and  normalized  to  the 
peak  heights  and  Fermi  level  E,  of  the  respective  experi¬ 
mental  curves.  Horizontal  dashed  lines  indicate  the 
experimental  FWHM  values.  Crossover  analyzer  with  fi  =  0. 
mSr  used  for  these  results. 
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Figure  31.  Solid  lines  are  the  exprimental  TED  curves  for  a  Zr/W(100) 
emitter  taken  at  the  indicated  electric  fields  and  tempera¬ 
ture;  dashed  lines  are  the  corresponding  theoretical  curves 
using  4>  «  2.5  eV  and  normalized  to  the  peak  heights  and 
Fermi  level  Ej  of  the  respective  experimental  curves. 
Horizontal  dashed  lines  indicate  the  experimental  FWHM  values. 
Crossover  analyzer  with  ft  *  0.14  mSr  used  for  these  results. 
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Figure  32.  Solid  lines  are  the  experimental  TED  curves  for  a  Zr/W(100) 
emitter  taken  at  the  indicated  electric  fields  and  tempera¬ 
ture;  dashed  lines  are  the  corresponding  theoretical  curves 
using  <f>  =  2.5  eV  and  normalized  to  the  peak  heights  and 
Fermi  level  Ey  of  the  respective  experimental  curves. 
Horizontal  dashed  lines  indicate  the  experimental  FWHM  values. 
Crossover  analyzer  with  ft  =  0.14  mSr  used  for  these  results. 
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Figure  34.  Solid  and  dot-dashed  lines  are  the  experimental  values 
of  transmitted  current  (upper  figure)  and  FWHM  values 
vs.  electric  field  (lower  figure).  Results  corres¬ 
pond  to  Fig.  31  and  32  data.  Dashed  lines  (lower 
figure)  are  theoretical  values  of  FWHM. 
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temperatures.  The  Figs.  35  to  39  results  show  that  in  the  temperature 
range  investigated  the  FWHM  values  are  independent  of  temperature  and 
primarily  a  function  of  B»  ft  and  angular  beam  intensity. 

In  Fig.  38  the  FWHM  values  vs.  angular  intensity  are  given 
for  the  Zr/W(100)  emitter  at  various  temperatures  using  the  crossover 
analyzer  with  two  different  beam  acceptance  angles.  The  indicated 
theoretical  curves  were  obtained  from  the  Figs.  26  and  27  data  using 
the  experimental  values  of  B  and  anode  voltage  to  obtain  the  appro¬ 
priate  value  of  F  and,  hence,  FWHM  values. 

Finally,  in  Fig.  39  are  the  values  of  FWHM  vs.  B  for  both 
the  built  up  and  Zr/W(100)  emitters  at  two  values  of  angular  intensity 
and  using  the  crossover  analyzer  with  ft  =  0.54  mSr. 

4.  Discussion  of  Results 

4.1  Low  Temperature  Results 

Because  of  the  extraordinarily  high  values  of  field  attainable 
for  the  W(100)  built  up  emitter,  a  relatively  large  energy  range  below 
the  Fermi  level  (noted  on  the  abscissa  by  E^)  was  accessible  to  the 
retarding  analyzers  used  in  this  experiment.  For  example,  the  bulge 

in  the  TED  due  to  bulk  band  structure  ramifications  occurring  at 

~  21 
e  =  -0.8  eV,  observed  previously  by  Plummer  and  Gadzuk  for  emission 

from  the  W(100)  plane  of  a  thermally-annealed  W  emitter,  is  also  ob¬ 
served  in  these  studies  as  shown  in  Fig.  29.  It  should  be  emphasized, 
however,  that  in  the  present  case,  the  (100)  crystal  plane  contains 

t  o 

a  pyramidal  structure  4  with  a  very  small  (less  than  20  A)  (100)  crystal 
plane  at  '•he  tip  of  the  pyramid.  Apparently,  for  the  latter  reason, 
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Figure  35.  Experimental  values  of  FWHM  vs.  beam  angular  intensity  for 
three  W(100)  built-up  emitters  with  the  indicated  values  of 
emitter  field  factor  6.  Data  obtained  from  the  crossover 
analyzer  with  ft  =  0.54  mSr. 


emitter  at  various  values  of  beam  acceptance  angle  ft.  Values  for  ft  =  .97  mSr 
are  obtained  from  the  non-crossover  analyzer;  other  values  of  ft  are  taken  from 
crossover  analyzer.  Dashed  lines  are  theoretical  curves  for  the  84  and  1685  K 


Experimental  values  of  the  FWHM  vs.  beam  angular  intensity  for  a  W(100)  built-up 
emitter  at  the  indicated  temperatures  using  the  non-crossover  analyzer. 
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Tigure  39.  Experimental  values  of  the  FWHM  vs.  the  field  factor 
for  0  =  0.54  mSr;  upper  curve  for  I/O  =  1  mA/Sr  and 
lower  curve  for  I /Q  =0.5  mA/Sr. 
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the  surface  sensitive  peak  in  the  trailing  edge  of  the  TED  normally 

ig  21 

occurring  at  f  =  -0.35  eV  ’  and  believed  to  be  due  to  surface 
21  41 

states,  *  does  not  appear. 

The  Fig.  29  and  31  results  show  that  both  emitters  give 
experimental  TED  curves  at  84  K  whose  deviation  from  the  theoretical 
curves  increase  with  increasing  field.  An  increase  occurs  in  both 
the  high  and  low  energy  tails  similar  to  that  observed  by  others, 
except  here  at  much  higher  values  of  J  and  with  a  significant  effect 
on  the  FWHM  values  as  shown  in  Figs.  33  and  34.  Of  further  signifi¬ 
cance,  is  the  fact  that  the  experimental  values  of  FWHM  increase  almost 
linearly  with  probe  current  for  both  emitters. 

The  range  of  fields  over  which  the  TED  results  are  obtained 
is  much  lower  for  the  Zr/W(100)  emitter  because  of  its  lower  value  of 

work  function.  Based  on  Eq.(17),  it  follows  that  the  current  density 
range  for  the  Zr/W(100)  TED  results  is  1  x  10**  to  6  x  106  A/ cm2  while 
in  the  case  of  the  higher  work  function  W(100)  built  up  emitter  results, 
j  =  4  x  106  to  4  x  10 8  A/ cm2.  Thus,  the  TED  broadening  occurs  in  a 
much  lower  range  of  J  for  the  lower  work  function  emitter. 

In  terms  of  the  practical  considerations  as  an  electron 
source,  it  should  be  pointed  out  that  for  a  given  angular  intensity 
(i.e.  I/O),  the  built  up  emitter,  because  of  its  inherently  smaller 
emitting  area,  operates  at  a  higher  J  than  the  Zr/W(100)  emitter. 

This  can  be  seen  in  Fig.  40  where  the  angular  intensity  vs.  J  is 
compared  for  the  two  emitters  with  similar  values  of  8.  Thus,  for 


0.0  0.4  0.8  1.2  1.6  2.0  2.4  2.8 


1/a  (mA/Sr) 

igure  40.  Curves  show  the  current  density  J  vs.  angular  intensity 

for  the  indicated  emitters  at  T  =  84  K  where  6  *  1,1  *  10 
cm-1  for  both  emitters. 


similar  values  of  6  and  angular  intensity,  the  respective  values  of 
the  FWHM  turn  out  to  be  nearly  identical  for  the  two  emitters  (see 
Fig.  39). 

It  is  instructive  at  this  juncture  to  inquire  as  to  the 
cause  of  the  substantial  broadening  of  the  TED  curves  with  increasing 
current.  Two  mechanisms  put  forth  previously  to  explain  an  enhance¬ 
ment  of  the  leading  edge  of  the  TED  observed  for  a  low  temperature  W 
emitter  at  much  lower  values  of  J  are:  (1)  multiparticle  tunneling 
in  which  the  "hot"  holes  created  by  the  emitted  electrons  can  decay 
by  coulomb  interaction  with  a  conduction  electron  leading  to  a 

secondary  hole  and  excited  electron  which  has  an  increased  tunneling 
28  21 

probability;  *  (2)  lifetime  broadening  by  which  the  tunneling 

level  width  is  A(e)  =  h/x  where  x  is  the  tunneling  time  for  the  bound 
29 

electron.  A  level  width  of  the  form 

A(e)  *  Aq  exple/d-c]  (20) 

was  proposed  where  Aq  is  a  constant  and  c  =  0.68  <f>3/2  v(F,<J>)/F  where 
<(>  and  F  are  in  units  of  eV  and  V/A  respectively. 

The  two  theories  readily  predict  the  ratio  of  the  TED  am¬ 
plitude  J(e)/J(e  =  o)  (where  according  to  Eq.(15)  J(e  =  o)  »  JQ/2d) 
which  can  then  be  compared  with  experimental  results.  Table  5  gives 
selected  theoretical  and  experimental  values  of  J(e)2d/JQ  for  each 
emitter  at  the  indicated  values  of  current  density  Jq  (calculated  from 
Eq. (17 ))  and  e . 

In  attempting  to  compare  the  experimental  results  with  the  two 
theoretical  models,  it  was  found  that  the  lifetime  broadening  theory. 
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while  failing  to  agree  with  the  Zr/W(100)  emitter  TED  results  using 

a  reasonable  value  of  A  ,  does  agree  with  the  W(100)  built  up  results 

o 

at  e  =  0.2  eV  using  Aq  =  0.35  eV.  The  agreement  between  experiment  and 
theory  as  shown  graphically  in  Fig.  41  is  somewhat  poorer  at  f  =  1 
if  Aq  =  0.35  eV  is  used.  According  to  Eq.  (20)  one  obtains  a  reasonable 

A(e  =1)  =  0.27  eV  for  the  indicated  value  of  A  when  F  =  0.79  V/A  and 

o 

<t>  =  4.5  eV. 

According  to  Table  5,  the  cascading  multiparticle  tunneling 

29 

model,  which  has  no  adjustable  parameters,  fails  to  agree  with  the 
built-up  emitter  results.  This  model  does  exhibit  agreement  with  the 
Zr/W(100)  emitter  results  at  e  =0.2  eV.  However,  this  model  is  in¬ 
adequate  for  the  following  reason:  Figs.  29  through  32  show  clearly 
that  TED  broadening  occurs  on  both  the  high  and  low-energy  sides  of 

OQ 

the  TED.  A  similar  result  was  obtained  by  Gadzuk  and  Plummer  at 

lower  values  of  J.  The  multiparticle  tunneling  model  involves  a  coulomb 
interaction  between  the  "hot"  holes  formed  by  electron  emission  and  con¬ 
duction  state  electrons  such  that  the  latter  are  scattered  to  higher- 
momentum  states  prior  to  tunneling.  Thus,  this  model  fails  to  predict 
the  broadening  of  the  low-energy  side  of  the  TED  curves.  We  therefore 
conclude  that  another  broadening  mechanism  must  be  operative  in  order 
to  explain  the  Zr/W(100)  results  and  the  discrepancy  between  the  life¬ 
time  broadening  theory  and  experiment  at  J(£  =  1)  for  the  built-up 
emitter.  Before  examining  other  mechanisms,  we  shall  review  the  high- 
temperature  results. 
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4.2  High  Temperature  Results 

The  high  temperature  TED  results  given  in  Figs.  30  and  32  for 
the  two  emitters  show  a  much  larger  deviation  of  the  high  energy  tail 
from  FN  theory.  The  Zr/W(100)  results  show  a  substantial  deviation 
from  theoretical  expectations  on  both  the  high  and  low-energy  sides  of 
the  TED,  whereas  the  W(100)  built-up  emitter  shows  a  predominant  de¬ 
viation  on  the  high-energy  side.  As  in  the  case  of  the  low  temperature 
results,  the  value  of  FWHM  at  elevated  temperature  increases  almost 
linearly  with  current  as  shown  in  Figs.  33  and  34.  The  increase  of 
FWHM  with  beam  current  is  shown  dramatically  in  Figs.  35  to  38  for  the 
two  emitters.  Figures  37  and  38  show  that  the  near-linear  increase  of 
fWHM  with  beam  current  is  independent  of  temperature.  Even  the  low 
temperature  FWHM  values  approach  the  high  temperature  values  at  suf¬ 
ficiently  high  values  of  beam  current  (see  Figs.  36  and  37). 

TABLE  5 
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The  Fig.  35  results  show  that  the  FWHM  values  decrease  with 
decreasing  ft  for  a  specified  value  of  angular  beam  intensity  I/ft. 
Curiously,  Figs.  36  and  38  show  that,  for  a  constant  value  of  ft  and 
I/ft,  the  FWHM  values  for  both  emitters  increase  with  increasing  value 
of  beam  acceptance  angle.  For  example,  in  Fig.  37  where  ft  =  0.97  mSr, 
a  FWHM  value  approaching  4  eV  was  measured  at  0.9  mA/Sr-more  than  3 
eV  above  the  theoretical  expectation! 

In  addition  to  the  variation  of  FWHM  with  ft,  we  note  that 
FWHM  values  for  the  W(100)  built-up  emitter  shown  in  Fig.  39  also  de¬ 
crease  significantly  with  increasing  emitter  radius.  Although  only 
one  value  of  FWHM  for  the  Zr/W(100)  emitter  was  obtained  in  Fig.  39, 
its  value  agrees  closely  with  that  of  the  W(100)  built-up  emitter. 
According  to  Fig.  40  at  a  given  value  of  ft  and  I/ft,  the  value  of  J 

is  considerably  larger  for  the  higher  work  function  built-up  emitter. 
Thus,  the  near-identical  values  of  FWHM  for  the  two  emitters,  as  ob¬ 
served  in  Fig.  39  at  a  given  ft  and  I/ft,  occur  at  widely-differing 
values  of  J  as  well  as  F.  It  may  be  concluded  that  for  a  given  angu¬ 
lar  intensity,  the  higher  values  of  J  obtained  for  the  built-up  emitter 
do  not  lead  to  higher  values  of  FWHM  when  compared  to  the  lower  work 
function  Zr/W(100)  emitter  presumably  due  to  a  compensating  factor 
such  as  the  increased  electric  field. 

The  fact  that  the  built-up  emitter  exhibits  lower  values  of 
I/ft  than  the  Zr/W(100)  emitter  for  the  same  J  is  probably  due  to  the 
larger  beam  divergence  (i.e.  high  magnification)  from  the  pyramidal¬ 
shaped  structure  of  the  built-up  emitter. 
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CURRENT  OENSITY  (A/cm 


Figure  41.  Experimental  values  and  indicated  theoretical  curves 
(dashed  lines)  of  J(e)2d/J  vs.  current  density  for 
the  W(100)  built-up  emitter  at  T  “  84  K  and  the  in¬ 
dicated  values  of  e  using  the  crossover  analyzer  where 
ft  =  0.14  mSr. 
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4.3  External  Beam  Interactions 


The  fact  that  anomalous  broadening  of  the  TED  occurs  in  data 
from  two  different  kinds  of  energy  analyzer,  one  with  a  high-current 
density  crossover  and  one  without,  tends  to  eliminate  analyzer  arti¬ 
facts  as  a  source  of  the  broadening.  Since  most  of  the  experimental 
data  was  obtained  from  the  crossover  analyzer,  it  is  worthwhile  to 
estimate  the  well  known  energy  broadening  which  occurs  in  an  electron 
beam  drift  region  or  at  a  beam  crossover.  Loeffler  has 

calculated  a  quantity  as  a  function  of  ArQ  and  presented  the  results 
in  graphical  form  where  is  related  to  the  beam  energy  spread  AE 
due  to  the  crossover  according  to 


AE  -  ^  *  10~7  0  (eV> 
a  r  o 

o  o 


(21) 


where  otQ  is  the  beam  half-angle  in  radians,  and  rQ  is  the  radius  in 
cm  of  the  crossover;  A  is  the  axial  electron  density  given  by: 


A  =  1.053  x  1011  I/Vqi/2  (cm-1)  (22) 

where  Vq  is  the  beam  voltage  and  I  the  current  in  amperes  at  the 

crossover.  Calculation  of  lens  properties  of  the  crossover  analyzer 

indicates  that  Vq  is  approximately  0.2  volts  at  the  crossover 

a  ~  0.1  radian;  and  r  ~  10“4  cm.  Hence,  AE  ~  0.014  fi  and 
o  o  o 

A  =  2.35  x  10 4  cm-1  so  Ar  =2.35.  Loeffler' s  curves  show  that  at 

o 

this  value  of  ArQ,  ~  15  so  that  AE  ~  0.21  volts,  which,  while 
significant,  is  still  below  the  experimental  values  observed  in 
both  the  crossover  and  non-crossover  analyzers. 


While  the  previously  mentioned  internal  mechanisms  of  TED 
broadening  can  account  for  a  portion  of  the  observed  effect,  we  con¬ 
clude  that  an  additional  mechanism  involving  electron  interaction 

34 

immediately  in  front  of  the  emitter  is  operative.  Zimmerman  de¬ 
scribes  a  mechanism  by  which  a  beam  of  charged  particles ,  whose  initial 
distribution  of  velocity  between  transverse  and  axial  components  is 
changed  due  to  acceleration  when  viewed  in  the  center  of  mass  co¬ 
ordinate  system,  can  undergo  collective  interactions  at  a  subsequent 
crossover  or  drift  space.  The  latter  interaction,  which  tends  to 
"thermalize"  or  restore  the  initial  equi-partition  of  velocity 
components,  when  viewed  in  the  laboratory  frame  of  reference,  leads 
to  a  substantial  broadening  of  the  initial  total  energy  distribution. 

33 

Loeffler  has  calculated  this  energy  broadening  at  a  beam 

crossover,  as  discussed  above,  and  points  out  that  the  "electrons 

contributing  most  to  the  energy  spread  are  those  that  stay  closely 

behind  or  in  front  of  the  reference  electron  and  move  almost  parallel 

to  it  or  on  only  slowly-diverging  trajectories";  clearly,  the  field 

emission  source  itself  falls  into  this  category  at  high  values  of 

angular  intensity.  In  his  calculations  of  energy  spread,  discussed 

above,  Loeffler  assumes  a  beam  crossover  with  ele:  crons  moving  through 

the  crossover  at  constant  energy  Vq  whereas  at  the  field  emission  source, 

the  electrons  are  rapidly  accelerated  from  a  virtual  crossover  so  that 

acceleration  and  thermalization  occur  simultaneously  near  the  emitter. 

43 

However,  it  has  been  found  that  the  same  functional  relationship  de¬ 
rived  by  Loeffler  for  a  beam  crossover  holds  for  the  more  realistic 
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1 

model  of  an  electron  beam  accelerated  from  a  spherical  source  of  radius 
r^  by  a  distant  anode  at  V  .  Thus,  according  to  Loeffler,  the  energy 
broadening  AE  due  to  external  interactions  expressed  in  terms  of  beam 
angular  intensity  I*  =  I/ft  is 

AE  *  tt1/2  k(Ar')  (l'/r')l/2  v  _l/4  (23) 

o  o  o 

where  k(Ar^)  is  a  slowly-varying  logarithmic  function  of  A  and  r^. 

We  can  see  that  AE  is  only  weakly  dependent  on  V  ,  but  more  strongly 
dependent  on  the  ratio  I* /r^.  The  experimental  dependence  of  AE  on 
I*,  according  to  Figs.  37  and  38,  supports  the  square  root  dependence 
predicted  by  Eq.(21);  also,  the  experimental  dependence  of  AE  on  6*1// 
according  to  Fig.  39  conforms  with  the  expectations  of  Eq.(23). 

At.  constant  angular  intensity  I*  Eq.(23)  does  not  predict 
an  increase  in  AE  with  beam  aperture  angle  as  observed  experimentally. 

Such  an  effect  could  be  a  result  of  the  non-homogeneous  space  charge 
potential  that  decreases  with  aQ,  thereby  imparting  a  greater  trans¬ 
verse  velocity  to  those  electrons  emitted  at  larger  ctQ.  Since  trans¬ 
verse  velocity  is  converted  to  axial  velocity  for  the  field  emitter 
18 

geometry,  the  total  energy  distribution  will  be  broadened  by  accepting 
electrons  emitted  with  larger  a The  fact  that  a  space  charge  effect 
occurs  at  the  high  values  of  J  employed  here  is  confirmed  both  by  the 
deviations  observed  from  the  FN  equation^’  ’  and  an  increase  in  the 
angular  divergence  of  the  electron  beam  with  applied  voltage. 

In  conclusion,  we  note  that  the  broadening  of  the  TED  FWHM 
values  measured  in  this  study  can  be  explained  by  a  combination  of  an 
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internal  lifetime  broadening  mechanism  and  collective  coulomb  inter¬ 
actions  involving  transformation  between  transverse  and  radial  velocity 
components  in  the  region  exterior  to  the  emitter.  A  knowledge  of  the 
exact  contributions  of  the  two  energy-broadening  mechanisms  at  various 
values  of  current  density  must  await  further  theoretical  development, 
although  the  results  of  this  study  indicate  that  the  external  mechanism 
dominates  for  J  >  10 6  and  10®  A/ cm2  where  (j>  =  2.5  and  4.5  eV  respectively. 

F.  Noise  Study  Comparison  Between  Zr/W(100)  and  W(100)  Built-up 

TF  Cathodes 

A  comparison  of  current  fluctuations  between  a  built  up  W(100)  and 
zirconium  coated  tungsten  field  cathode  is  given  here.  In  all  cases 
the  acceptance  aperture  solid  angle  at  the  emitter  was  between  0.11  and 
0.14  msr.  Current  fluctuations  were  made  by  using  a  well-shielded 
Faraday  cup  to  collect  the  current  transmitted  through  the  beam  aper¬ 
ture.  Quan-Tech  and  Tektronix  1L5  spectrum  analyzers  were  employed 
to  measure  the  frequency  dependence  of  the  rms  noise  current  AI  from 
1  to  10 5  Hz.  The  data  is,  in  some  cases,  reported  in  terms  of  the 
spectral  density  function  W(f)  where 


and  fj  and  f 2  are  the  lower  and  upper  frequency  range  of  the  measure¬ 
ment. 

The  noise  measurements  as  a  function  of  temperature  were  taken 
at  a  constant  value  of  transmitted  current  I  by  adjusting  the  emitter- 
to-anode  voltage  V.  The  emitter  field  factors  B  =  F/V  were  determined 
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according  to  Eq.(3)  from  FN  plots  of  the  I(V)  characteristics.  Since 


0  “  r-1,  the  relative  size  of  the  emitter  radius  r  can  be  established 
from  the  8  factors. 

Figures  42  and  43  show  the  temperature  dependence  of  the  rms  current 

fluctuation  in  a  narrow  bandwidth  for  the  two  cathodes.  The  current 

fluctuation  maxima  occur  at  ~  700  K  for  the  W(100)  built  up  and  ~  1300  K 

for  the  Zr/W(100)  with  the  former  maximum  exhibiting  a  value  of  3  times 

the  latter.  The  reproducibility  of  the  sharp  decrease  in  noise  above 

1600  K  for  the  Zr/W(100)  cathode  was  not  always  as  dramatic  as  shown 

here,  but  a  definite  maximum  seems  to  be  a  general  result. 

Figure  44  shows  the  effect  of  pressure  on  the  2  kHz  Al/I  vs  tern- 

P 

perature  curve  of  Fig.  43.  These  results  show  that  a  CO  pressure  of 

3  x  10" 8  torr  actually  decreases  the  current  fluctuation  amplitude. 

Fig.  45,  on  the  other  hand,  shows  the  variation  of  Al/I  for  the 

P 

Zr/W(100)  emitter  as  the  beam  is  deflected  across  the  beam  defining 
aperture  using  a  set  of  electrostatic  deflection  plates.  The  results 
show  that  the  central  portion  of  the  beam  is  the  least  noisy  for  this 
particular  Zr/W(100)  cathode. 


Figures  46  and  47  show  a  fall  off  in  the  spectral  density  function 
W(f)  with  f  for  both  cathodes.  Interesting  structure  is  observed  in 
these  curves,  especially  for  the  Zr/W(100).  Table  6  gives  the  values 


of  AI/I 

P 


over  the  complete  frequency  range  for  the  two  cathodes  at 


various  temperatures  and  angular  current  intensity  (i.e.  I/J2,  where 


fi  is  the  solid  angle  subtended  at  the  emitter  by  the  aperture) . 


We  note  that  the  built  up  cathode  has  a  larger  current  fluctuation 


Figure  42.  Upper  curves  show  the  variation  of  relative  noise  level  of 
a  W(100)  built  up  emitter  with  temperature  at  3  frequency 
intervals  and  a  320  Hz  band  width.  The  probe  current 
through  a  10  mrad  aperture  was  held  constant  at  I  =10  nA. 
The  lower  curve  shows  the  relative  variation  in  voltage 
with  temperature  to  maintain  a  constant  current. 
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v/v0  (ip-ionA)  n/rp(iticr*) 


Figure  43.  Plot  of  the  rms  noise  level  vs  emitter  temperature  using 
the  current  through  a  13  mrad.  aperture  from  a  Zr/W 
field  cathode.  Lower  curves  show  the  corresponding 
plots  of  the  transmitted  current  Ip/It  and  relative 

voltage  V/Vo  to  maintain  I  =10  nA. 

P 
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Figure  44 . 


Curves  (a)  are  obtained  from  Fig,  43,  Curves  (b)  show 
the  same  plot  at  a  background  pressure  of  3  x  10~8  torr. 


JL 
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FREQUENCY  (Hz) 


Figure  46.  The  variation  of  the  Bpectral  density  function  W(f)  with 
frequency  at  two  temperatures  is  given  for  a  built  up 
W(100)  emitter. 


(A2-  sec) 


amplitude  than  the  Zr/W(100)  cathode  by  a  factor  of  ~  9  at  T  =  1600  K. 
Comparing  the  Zr/W(100)  current  fluctuation  amplitudes  at  50  and  486 
pA/sr,  we  observe  a  dramatic  reduction  in  the  amplitude.  This  re- 

1^ 

duction  in  noise  amplitude  with  current  has  been  observed  previously 

and  is  believed  to  be  due  to  a  space  charge  noise  suppression  mechar.- 

44 

ism  occurring  at  high  current  density. 

TABLE  6 

SUMMARY  OF  CURRENT  FLUCTUATION  RESULTS 


Emitter  Type 

Angular 

Current 

(pA/sr) 

T(K) 

Aperture  Full 
Angle  (mrad) 

AI/I 
(%)  *P 

BCIO4  cm  *) 

W(100)  Built  Up 

71.4 

1240 

13 

9.3 

2.0 

W(100)  Built  Up 

71.4 

1570 

13 

11.5 

2.0 

W(100)  Built  Up 

428 

1570 

13 

3.0 

2.0 

Zr/W(100) 

151 

1270 

13 

3.1 

1.23 

Zr/W(100) 

50 

1600 

13 

1.3 

1.23 

Zr/W(100) 

486 

1600 

13 

0.48 

1.23 

Zr/W(100) 

265 

1800 

12 

0.23 

** 

0.1 

*Measured  over 

bandwidth  of 

Af  =  104 

Hz 

**Results  obtained  from  focussed  beam  of  a  magnetically  focussed  gun 

Figure  48  shows  that  both  cathodes  exhibit  a  dramatic  noise  reduction 

at  high  beam  currents.  Normally,  at  lower  currents  we  found  that  W(f) 

W(f)  «  I2,^’^  which  means  that  AI/I  is  nearly  constant  with  increasing 
P  P 

I  .  However,  as  shown  in  Fig.  48,  when  I  /0  >  0.1  mA/sr,  W(f),  instead 
P  P 

of  being  quadratically  dependent  on  I^/fl,  becomes  almost  independent  of 
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I  /fl.  This  also  can  be  seen  in  the  variation  of  the  Table  6  values  of 
P 

Al/I  for  increasing  angular  current.  Hence,  significant  noise  suppression 
occurs  at  high  values  of  beam  current. 

The  noise  results  for  the  Zr/W(100)  cathode  taken  for  the 
0  *  0.1  x  104  cm-1  case  were  obtained  from  a  magnetic  gun  configu¬ 
ration  described  in  Section  III  using  the  current  focussed  into  0.15  pm 
spot.  As  indicated  by  the  lower  value  of  6,  this  emitter  is  considerably 
duller  (higher  voltage)  than  the  others. 

If  one  assumes  that  current  fluctuations  are  due  to  mobile  ad¬ 
sorbed  atoms  contributing  coverage  fluctuations  and  thus  causing  local 

work  function  fluctuations,  one  can  show  that  AI/I^  =  A-1^2  (where  A 

7  45 

is  the  emitting  area  seen  by  the  probe).  ’  Most  data  (i.e.,  obtained 
from  FN  plots)  suggests  that  A  is  much  smaller  for  the  W(100)  built  up 
cathode  in  comparison  with  the  Zr/W(100)  cathode  when  operating  at 
similar  voltages.  This  may  account  for  the  much  larger  value  of  AI/I^ 
for  the  former.  The  reduction  of  noise  with  decreasing  0  (increasing 
emitter  size)  can  be  seen  by  comparing  the  bottom  two  lines  in  Table 
6  which  show  that  for  8  =  0.1  x  10 4  cm-1  the  value  of  A I/Ip  is  re¬ 
duced  by  a  factor  of  2  compared  with  the  lower  voltage  Zr/W(100) 
emitter  0  =  1.23  x  104  cm-1.  This  reduction  in  AI/I^  with  decreasing 
0  would  be  even  more  dramatic  if  the  comparison  were  made  at  the  same 
value  of  angular  intensity.  It  should  also  be  pointed  out  that  the 

low  value  of  AI/I  in  Table  6  for  the  low  0  value  Zr/W(100)  emitter 
P 

is  not  due  to  the  space  charge  effect  since  in  this  case  W(f)  «  I2 


in  the  angular  intensity  range  investigated.  Apparently,  due  to  the 
larger  radius  of  the  low  6  emitter  the  cathode  current  density  for  a 
specific  angular  intensity  is  considerably  reduced.  Thus,  space  charge 
suppression  occurs  at  considerably  larger  values  of  angular  intensity 
than  the  0.1  mA/sr  value  observed  in  Fig.  48. 

Figure  49  gives  the  spectral  density  function  W(f)  for  the  Zr/W(100) 
8  =  0.1  x  104  cm  1  emitter.  Recall  that  this  emitter  was  in  an  electron 
beam  column  and  the  noise  taken  from  the  submicron  focussed  beam.  For 
these  results  the  Quan-Tech  spectrum  analyzer  was  used  which  allowed 
the  lower  frequency  limit  to  be  extended  to  1  Hz.  It  can  be  observed 
that  W(f)  shows  a  rapid  decrease  with  increasing  f  in  the  frequency 
interval  1  to  10  Hz.  However,  as  indicated  in  Table  6  the  mean  noise 
to  signal  ratio  obtained  from  integration  of  Eq.(24)  in  interval 
0  to  lO1*  Hz  was  only  0.23%. 

Another  comparison  of  practical  interest  is  the  values  of  trans¬ 
mitted  to  total  current  ratios  I  /I„  given  in  Figs.  42  and  43.  At 

P  T 

1600  K  this  ratio  is  ~  300  times  greater  for  the  W(100)  built  up 
cathode  due  to  the  negligible  thermionic  emission  contributing  to  IT 
for  the  higher  work  function  W(100)  built-up  cathode. 

In  conclusion  these  results  show  that  at  similar  values  of  8 
and  angular  intensity  the  Zr/W(100)  emitter  exhibits  an  almost  10 
times  reduction  in  AI/I.  This  seems  to  be  due  to  the  inherently 
smaller  emitting  area  of  the  built  up  emitter  when  viewed  through 
a  specified  beam  aperture  angle.  This  conclusion  is  corroborated  by 
the  reduction  in  noise  for  the  Zr/W(100)  emitter  with  decreasing  8. 


SPECTRAL  DENSITY  FUNCTION  (Az-*ec) 


FREQUENCY  (Hz) 


Figure  49.  The  variation  of  the  spectral  density  function  W(f)  for  the 

Zr/W(100)  with  3  *  0.1  x  101*  cm“*.  Data  taken  from  a  focussed 
beam  in  an  electron  gun  column. 
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For  emitters  with  values  of  B  between  1  and  2  x  10*4  cm-1  a  fur¬ 
ther  reduction  in  AI/I  is  observed  at  angular  intensities  (>  0.1 
mA/sr)  and  is  most  likely  due  to  a  space  charge  noise  suppression 
occurring  at  the  emitter  surface. 

G.  Thermal-Field  Cathode  Life  Studies 

Several  life  tests  have  been  carried  out  for  the  TF  emitters 
discussed  in  this  report.  These  tests  were  carried  out  in  a  vac-ion 
pumped  chamber  which  could  be  baked  to  ~  150  C.  The  base  pressure 
after  bake  out  was  between  5  *  10~9  and  1  x  10~8  torr.  Most  of  the 
life  tests  were  carried  out  in  a  background  pressure  of  8  x  10-9  torr. 
During  the  course  of  the  life  testing  the  vacuum  system  was  frequently 
cycled  to  atmosphere  to  exchange  emitters;  this  led  to  substantial 
current  variations  that  would  not  have  occurred  if  constant  vacuum 
were  maintained. 

Life  tests  carried  out  previously1^  on  the  Zr/W(100)  and  W(100) 
built-up  cathode  have  shown  that  emitter  life  in  excess  of  2000  and 
1000  hrs  respectively  can  be  realized.  The  main  feature  of  the  present 
life  test  results  is  the  use  of  higher  voltage  emitters  and  the  inclusion 
of  a  Ta(lll)  built-up  emitter  in  our  study. 

Table  7  gives  the  emitter  temperature  and  operating  voltage  adjust¬ 
ments  during  the  course  of  each  run.  The  Zr/W(lU0)  cathodes  were  con¬ 
figured  in  a  glass  gun  structure  depicted  in  Fig.  50.  The  measured 
current  for  emitters  //I  and  #6  was  transmitted  through  an  aperture 
of  1.2  rad  full  angle  subtended  at  the  emitter.  For  emitter  #5  the 
aperture  full  angle  was  decreased  to  15  mrad.  The  W(100)  and  Ta(lll) 
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TABLE  7 


LIFE  TEST  DATA  SUMMARY;  NOMINAL  PRESSURE  DURING  TESTS: 

~  8  x  10“9  TORR;  VOLTAGE  CHANGES  OCCURRED  AT  THE  INDICATED  TIMES 

Total 

Operating 


Emitter 

Temp  (K) 

Time  (hrs) 

Voltage  (volts) 

Time  (hrs) 

111  Zr/W 

1850 

0 

3660 

4898 

968 

5810 

(Emission 

1568 

4310 

died)* 

3472 

3980 

3936 

5590 

11 6  Zr/W 

1850 

0 

3230 

4828 

500 

4940 

(Emission 

952 

5910 

died) * 

1264 

5700 

3136 

6340 

3928 

6980 

4224 

5700 

115  Zr/W 

1850 

0 

5160 

3300 

672 

7090 

(Still  operating) 

118  W(100)  Built-up 

1850 

0 

3770 

3372 

368 

4200 

(Emission 

1000 

4090 

died) 

1320 

3980 

119  W(100)  Built-up 

1850 

0 

5380 

4928 

508 

5590 

(Terminated 

1660 

5480 

by  operator 

1948 

5910 

error) 

2356 

5810 

3500 

5700 

4000 

5590 

4316 

6020 

#4  Ta(lll)  Built-up 

1770 

0 

2800 

3108 

1755 

152 

2910 

(Still  operating) 

1755 

296 

3440 

1735 

320 

3550 

1800 

816 

3340 

1775 

1120 

3340 

1800 

2144 

3550 

1710 

2720 

2910 

1755 

2968 

3340 

*post-mortem  showed  zirconium  exhausted 
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Figure  50.  Detailed  drawing  of  an  electron  gun  using  the  Zr/W(100)  TFE  cathode. 


emitters  were  placed  in  simple  FEM  diode  structures  and  the  total 
emission  current  was  monitored. 

The  current  from  each  tube  was  fed  to  a  current-to-voltage 
converting  operational  amplifier  (~  1  sec  RC  time  constant) .  The 
output  of  each  operational  amplifier  was  sampled  using  an  Analog- 
to-Digital  Converter.  Each  input  was  sampled  once  every  second 
and  data  values  accumulated  for  a  period  of  15  minutes  (900  samples 
per  15  min.  period).  At  the  end  of  the  15  minute  period,  the  maxi¬ 
mum  and  minimum  values  measured  in  the  period  were  recorded  for  each 
tube.  These  values  gave  the  maximum  excursions  of  the  currents 
measured  in  that  15  minute  period. 

The  output  for  each  tube  was  compacted  to  a  manageable  number 
of  data  points  by  averaging  the  data  values  over  an  8-hour  (32- 
period)  interval.  This  was  done  separately  for  the  minimum  and  maximum 
values  for  each  emitter.  Each  15  minute  period  was  averaged  over  an 
8-hour  interval  as  follows: 

I  1 

I  .  =  — ■^in-  (8-hour  average) 

min  32 

Z  I 

I  =  — (8-hour  average) 
max  32 

In  this  way,  the  performance  of  each  emitter  over  a  long  (5000  hour) 
interval  may  be  presented  in  a  single  graph. 

The  difference  between  the  I  .  and  I  values  for  a  given 

ml.ii  max 

period  were  quite  small,  and  we  present  in  Figs.  51  to  56  only  the  I 
values.  Also  presented  in  Figs.  51  to  56  is  the  average  percent 


variation  AI/I  in  each  8  hr  interval  determined  according  to 


I 

max 


I 

max 


-  I 


+  I 


min 


min 


2 


x  100 


The  current  variation  calculated  in  this  fashion  gives  the  mag¬ 
nitude  of  the  maximum  and  minimum  current  fluctuation  during  each 
8  hour  period. 

In  general  the  magnitude  of  the  fluctuations  for  the  Zr/W(100) 
emitters  are  lower  than  the  built-up  emitters.  This  agrees  with  the 
more  detailed  current  fluctuation  study  described  in  Sec.  IIF.  The 
magnitude  of  the  long  term  current  variations  in  this  study  are  much 
larger  than  normally  encountered  because  of  the  many  voltage  changes 
(see  Table  7)  and  recycles  to  atmospheric  pressure  (several  times  for 
each  emitter) .  A  typical  characteristic  for  an  emitter  operated  with¬ 
out  recycling  to  atmospheric  pressure  and  without  voltage  changes  is 
given  in  Fig.  57  for  a  Zr/W(100)  emitter.  This  was  a  much  lower  vol¬ 
tage  emitter  which  terminated  at  a  much  shorter  life,  i.e.  880  hrs. 

The  primary  purpose  of  the  Figs.  51  to  56  results  is  to  show  that 
high  voltage  TF  emitters  can  operate  under  practical  conditions 
typically  found  in  instrument  applications  with  very  long  life  in 

13 

comparison  with  the  lower  voltage  life  studies  carried  out  earlier. 

The  unusual  cyclic  current  variations  observed  in  Fig.  53  were 
not  understood  and  not  observed  with  other  Zr/W(100)  emitters.  The 
long  term  current  increase  for  the  W(100)  built-up  emitter  in  Fig.  54 
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Figure  51(b) .  Percent  current  fluctuation  averaged  over  8  hour 
time  intervals  for  data  in  (a) . 
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Figure  52(a).  Total  current  vs.  time  data;  operating  conditions 
given  in  Table  7. 


OTAL  CURRENT  (nA) 


Figure  53(a). 


Probe  current  vs.  time  data;  operating  conditions 
given  in  Table  7 . 
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Figure  54(b) .  Percent  current  fluctuation  averaged  over  8  hour 
time  intervals  for  data  in  (a) . 
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Figure  55(b).  Percent  current  fluctuation  averaged  over  8  hour 
time  intervals  for  data  in  (a) . 
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was  frequently  observed  for  the  lower  voltage  built-up  emitters 
and  appears  to  be  due  to  a  long  term  geometric  change  in  the 
emitter  size.  Even  though  it  was  a  low  voltage  emitter,  the  Ta(lll) 
built-up  emitter  appeared  to  be  very  durable.  An  undesirable  feature, 
however,  was  the  frequent  change  in  the  built-up  end  form  and  con¬ 
comitant  increase  in  current.  This  required  stopping  the  life  test 
and  reforming  the  proper  built-up  end  form. 

In  conclusion,  these  studies  have  shown  that  larger  radii 
emitters  of  both  the  W(100)  built-up  and  Zr/W(100)  type  operating 
at  ~  1850  K  can  last  several  thousand  hours  in  practical  vacuum  en¬ 
vironments.  Our  experience  shows  that  emitter  failure  is  usually  due 
to  operator  error  or  stray  voltage  pulses  due  to  electrical  breakdown 
in  the  high  voltage  circuit.  These  problems  can  be  reduced,  if  not 
eliminated,  by  careful  gun  construction  and  protection  circuitry. 


SECTION  III 


FOCUSSED  ELECTRON  BEAM  MEASUREMENTS 
In  this  section  a  preliminary  investigation  of  a  magnetically 
focussed  electron  gun  using  the  Zr/W(100)  TFE  emitter  is  reported. 

The  design  objective  of  the  TF  gun  was  the  attainment  of  ~  100  nA 
of  current  into  a  ~  0.1  pm  focussed  beam.  Careful  measurement  of 
the  lens  aberration  coefficients  enabled  us  to  compare  the  pre¬ 
dicted  and  experimental  gun  performance  data.  The  results  showed 
that  the  design  objective  was  largely  met  with  a  low  noise  (i.e. 

~  0.22%  noise  to  signal  ratio)  beam  current. 

A.  Gun  and  System  Configuration 

An  overall  diagram  of  the  field  emission  (FE)  SAM  system  is  shown 
in  Fig.  58.  The  upper  lens  (Celco  PF-648-380)  collimates  the  emission 
transmitted  through  the  anode  aperture  and  the  lower  lens  (Celco 
NF-434-366)  forms  a  focussed  image  on  the  sample  plane.  For  this  op¬ 
tical  system  the  overall  gun  magnification  M  is  given  the  ratio  of 
lower  lens  focal  length  f2  to  upper  lens  focal  length  fj 

M  *  f2/f i  (25) 

The  focussed  spot  diameter  dj  formed  by  the  upper  lens  is  then  ob¬ 
tained  by  adding  in  quadrature  the  gaussian  d^f  diffraction  d^, 
spherical  dg  and  chromatic  aberration  disks,  that  is 

dj2  =  Mi2(d  2  +  d  2  +  d  2  +  d  2\  (26) 

1  1  \8  d!  sj  C!  y 

where 
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Figure  58.  Diagram  of  the  magnetically  focussed  TFE  gun  and 


detector  configuration. 


d,  *  15.1/Vl/2ct  (A) 
dl 

d  -  (1/2) C  a3 

si  si 

d  =  C  a  AV/V 

ci  ci 

In  the  above  formulation  V  is  in  volts,  a  is  the  aperture  half  angle 

at  the  source  and  C  and  C  are  the  spherical  and  chromatic  aber- 
S1  ci 

ration  coefficients  referred  to  the  object.  Similarly  for  the  lower 
lens  the  final  spot  size  d  is 

* -<“>»** 

where  M  =  MiM?  and  d  and  d  are  the  spherical  and  chromatic  con- 

s2  c2 

tributions  of  the  lower  lens  of  Fig.  58. 

The  lens  aberration  coefficients  were  calculated  by  a  computer 
program  written  by  Munro^  which  calculates  the  axial  magnetic  field 
of  the  lens  with  boundary  conditions  determined  by  the  lens  gap  and 
bore  geometry.  A  second  part  of  the  program  calculates  the  electron 
trajectories  and  optical  properties  by  integrating  the  ray  equation 
with  the  calculated  axial  potential. 

Figure  50  gives  a  more  detailed  picture  of  the  electron  gun  structure 
which  consisted  of  a  cathode  (precision  mounted  in  a  molybdenum  sleeve) , 
a  suppressor  electrode  and  an  anode.  The  suppressor  electrode  operated 
at  -200  to  -400  V  with  respect  to  the  cathode  and  served  to  reduce  the 
thermionic  emission  from  the  shank  of  the  low  work  function  TFE  Zr/W(100) 
emitter.  The  anode  contained  a  replaceable  beam  defining  aperture 
located  2.55  cm  from  the  emitter.  The  inside  of  the  glass  envelope 
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which  housed  the  gun  was  coated  with  a  nichrome  film  so  that  no 
insulating  surfaces  were  exposed  to  the  beam. 

The  beam  spot  size  and  gun  performance  characteristics  were 
determined  by  configuring  the  gun  into  an  SEM  system.  A  Galileo 
Electro-Optics  Corp.  CDEM  4700  electron  multiplier  was  used  for 
SEM  imaging.  The  SEM  video  signal  was  fed  to  a  Tektronix;  606  dis¬ 
play  monitor. 

A  metal  bell  jar  containing  the  TFE  gun,  CMA,  ion  sputtering 
gun,  SEM  electron  detector  and  Physical  Electronics  specimen  stage 
was  mounted  on  a  standard  200  £/s,  bakeable  UHV  system  capable  of 
5  x  10“ 10  torr  pressure.  The  FE  gun  can  be  routinely  operated  in  a 
1  x  10  8  torr  environment  but,  for  these  studies,  was  operated  in  the 
pressure  range  0.5  to  1  x  10-8  torr. 

B.  Gun  Performance  Data 

Because  of  geometric  constraints  of  the  bell  jar  system  the  over¬ 
all  beam  throw  from  the  lower  lens  of  Fig.  58  to  the  specimen  was 
13  cm.  Table  8  gives  the  relevant  lens  parameters  of  the  upper  and 
lower  magnetic  lens.  The  effective  beam  aperture  seen  by  the  Zr/W(100) 
emitter  was  a  .006  rad  half  angle.  In  Table  9  the  experimental  and 
calculated  beam  diameters  at  various  beam  current  levels  are  given. 

An  assumed  gaussian  source  diameter  of  150  A  was  included  in  the  cal¬ 
culations.  Contributions  of  the  spherical  (dg)  and  chromatic  (dc> 
aberration  disks  of  both  the  upper  (subscript  1)  and  lower  (subscript 
2)  lenses  are  also  indicated.  The  value  of  the  energy  spread  AV  is 
known  to  increase  with  source  angular  intensity  (I^/fi)  as  described 
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MAGNETIC  LENS 

PARAMETERS 

f  (mm) 

C  (mm) 
s 

Cc  (mm) 

Upper 

63 

139.2 

53.7 

Lower 

139.2 

3001.2 

132.9 

Overall  magnification  M  =  2.2 
Beam  half  angle  a  =  .006  rad 
Beam  solid  angle  0  =  0.113  msr 


TABLE  9 

EXPERIMENTAL  AND  PREDICTED  GUN  OPERATING  PARAMETERS;  VALUES  OF  d  IN  ym 


yna) 

d(exp) 

T(K) 

V(kV) 

AV(eV)* 

P 

(mA/sr) 

d 

Cl 

d 

si 

d 

C2 

d 

s2 

d(calc) 

40 

.108 

1800 

8.5 

1.08 

0.35 

.091 

.033 

.046 

.030 

.116 

60 

.095 

1800 

9.5 

1.32 

0.53 

.099 

.033 

.050 

.030 

.125 

66 

.100 

1850 

10.0 

1.40 

0.58 

.100 

.033 

.051 

.030 

.125 

98 

.105 

1850 

11.5 

1.79 

0.87 

.110 

.033 

.056 

.030 

.136 

110 

.104 

1850 

12.0 

1.93 

0.97 

.114 

.033 

.058 

.030 

.140 

*Experimental 

values 

based 

on  a  $  = 

1.2  x  104 

cm”1 

emitter 

in  Sec.  HE;  thus,  experimental  values  for  AV  obtained  in  Sec.  IIE  from 
a  lower  voltage  emitter  were  used.  We  believe  that  the  assumed  values 
of  AV  used  here  are  probably  pessimistic  since  the  Fig.  39  results  in¬ 
dicate  that  for  a  higher  voltage  (i.e.  larger  radius)  emitter  the  values 
of  AV  decrease.  In  this  study  an  emitter  with  a  value  of  8  ■  0.1  *  104 
cm-1  was  used. 
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The  beam  spot  size  values  in  Table  9  were  measured  three  different 
ways.  Two  of  the  methods  involved  scanning  the  beam  over  the  sharp 
edge  of  an  8  pm  grid  wire  and  measuring  the  reflected  and  transmitted 
beam  currents.  The  other  method  consisted  of  measuring  the  reflected 
current  as  the  beam  was  scanned  across  a  deposited  MgO  particle  that 
was  small  compared  to  the  beam  size.  All  three  methods  agreed  within 
±  .02  pm. 

We  are  gratified  with  these  results  which  show  that  the  experimental 
values  of  d  achieved  between  40  and  110  nA  with  M  =  2.2  are  all  of  the 
order  of  0.10  pm.  The  dominance  of  the  chromatic  aberration  disk  means 
we  have  not  underestimated  (apparently  we  have  overestimated)  the  value 
of  AV  as  expected.  Beam  currents  were  varied  by  changing  the  beam  vol¬ 
tage  from  8.5  to  12.0  kV.  Because  of  the  large  value  of  dl/dT  for  the 
low  work  function  Zr/W(100)  TFE  source,  the  beam  current  can  also  be 
varied  by  changing  the  emitter  temperature  while  keeping  the  beam  vol¬ 
tage  constant.  Figures  59  and  60  show  typical  experimental  variation  of 
beam  current  with  beam  voltage  and  temperature.  To  some  extent  the  grid 
voltage  can  also  be  used  to  vary  both  the  beam  and  total  currents  at 
constant  beam  voltage  as  shown  in  Fig.  61. 

Upon  achieving  the  0.1  pm  beam  size  a  study  was  made  of  the  spatial 
stability  of  the  emitter  using  the  Fig.  58  system.  The  gun  was  left 
operating  on  several  occasions  for  16  hr  periods  and  the  movement  of 
the  pattern  on  the  display  was  noted.  The  results  showed  an  average 
drift  of  0.11  pm/hr.  If  we  attribute  the  drift  totally  to  the  emitter, 
which  we  believe  not  to  be  the  case  since  the  stage  drift  appears  to 
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be  the  major  contributor,  the  average  drift  rate  of  the  emitter  is 
.05  pm/hr. 

A  careful  analysis  of  the  beam  noise  in  the  specimen  current  was 
made  using  a  spectrum  analyzer.  The  spectral  density  function  W(f) 
was  measured  over  the  frequency  range  1  to  5  kHz  and  is  shown  in  Fig. 
49.  Over  the  frequency  range  indicated  (1  to  5  x  10 3  Hz)  the  mean 
noise  to  signal  ratio  (AI2)1^2/^  was  0.0023  or  a  signal  to  noise 
ratio  of  434.  This  unusually  low  noise  factor  is  due  in  part  to  the 
large  emitting  area  (i.e.  large  radius  emitter)  contributing  to  the 
solid  angle  of  emission.  A  more  detailed  account  of  the  noise  measure¬ 
ments  is  given  in  Sec.  IIF. 

Typical  SEM  photographs  taken  of  various  objects  are  shown  in 
Fig.  62.  The  high  quality  of  the  SEM  images  are  indicative  of  the 
low  noise- to-signal  ratio  characteristic  of  the  Zr/W(100)  TFE  cathode. 
The  large  beam  current  available  at  a  resolution  of  0.1  pm  allows  the 
image  to  be  scanned  at  video  rates.  A  resolution  of  ~  0.05  pm  without 
greatly  limiting  the  beam  current  can  be  achieved  by  simply  reducing 
the  beam  throw  from  13  to  5  cm. 

C.  Conclusions 

The  high  voltage  Zr/W(100)  TFE  emitter  not  only  exhibits  long  life 
(~  5000  hrs  on  several  tests),  but  sufficiently  low  noise  (e.g.  0.22%) 
to  be  used  for  most  applications  without  the  need  for  sophisticated 
beam  current  stabilization  schemes.  Very  high  specimen  current 
densities  can  be  obtained  at  0.1  pm  or  less  beam  size  with  relatively 
simple  gun  optics.  At  present  a  current  density  of  1295  A/cm2  or  power 
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Total  and  beam  current  vs  suppressor  electrode 
voltage  for  the  Fig.  50  gun  configuration. 


density  of  1.55  *  107  watts/cm2  has  been  achieved  in  a  0.1  pm  beam 
spot.  This  corresponds  to  an  image  plane  brightness  of  5.5  x  107 
A/cm2-sr  at  12  kV.  An  operating  range  of  beam  voltage,  e.g.  8  to 
15  kV,  can  be  realized  while  maintaining  a  constant  beam  current 
by  making  compensating  variations  in  emitter  temperature.  Dif¬ 
ferent  operating  ranges  of  beam  voltage  can  be  achieved  by  control¬ 
ling  the  emitter  radius  during  fabrication. 

Finally,  the  geometric  stability  of  the  emitter  structure  once 
the  system  achieves  an  equilibrium  temperature  is  excellent.  Measure¬ 
ments  show  the  emitter  drift  when  measured  over  16  hr  periods  to  be 
<  .05  pm/hr  for  a  TF  emitter  operating  at  1800  K. 
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SECTION  IV 

ION  SOURCE  DEVELOPMENT  AND  CHARACTERIZATION 

We  have  completed  an  investigation  of  a  number  of  source  materials 

and  modes  of  operation  suitable  for  high  brightness  field  ionization 

beam  formation.  In  this  section  a  report  of  progress  on  the  gas  phase 

field  ionization  (FI)  and  liquid  metal  ion  (LMI)  sources  will  be  given. 

For  a  complete  history  of  work  on  this  subject  the  reader  is  referred 

to  a  previous  report  describing  earlier  work  carried  out  on  both  of 
£ 

these  sources.  For  the  gas  phase  FI  source  studies  have  been  pri¬ 
marily  carried  out  using  hydrogen  and  argon  gases ,  however  other 
volatile,  nonreactive  gases  can  be  used  with  equal  ease. 

The  advent  of  the  LMI  source  extends  high  brightness  field 
emission  source  prospects  to  a  variety  of  nonvolatile  materials,  e.g. 
gallium,  indium,  bismuth,  gold,  aluminum,  silicon  and  germanium,  to 
name  a  few.  The  thrust  of  the  LMI  work  reported  here  has  been  to  gain 
an  understanding  of  the  basic  mechanism  of  ion  formation  and  source 
charactistics  using  principally  gallium  as  the  source  material. 

A.  Gas  Phase  Field  Ionization  Source  Characterization 
1.  Source  Materials  and  Emission  Characteristics 

Further  studies  of  the  angular  intensity  of  hydrogen  ions 
from  an  iridium  field  ion  emitter  have  been  carried  out.  As  discussed 
previously^  because  of  its  insensitivity  to  field  induced  chemical 
attack,  iridium  has  proven  to  be  an  exceptionally  durable  emitter  for 
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Because  the  natural  orientation  of  polycrystalline  iridium 
exposes  either  a  (100)  or  (111)  plane  perpendicular  to  the 
emitter  axis  and  because  both  of  these  planes  form  relatively  large 
facets,  the  field  strength  is  less  than  on  the  neighboring  planes. 

As  a  result  the  emission  along  the  emitter  axis  is  relatively  small. 
Ion  emission  from  an  iridium  emitter  can  br>  concentrated  along  the 
axis  if  the  emitter  is  fabricated  from  wire  re-oriented  along  the 
<110>  direction.  Figure  63(a)  shows  the  emission  distribution  of 
hydrogen  ions  from  a  thermally  annealed  <110>  oriented  iridium 
emitter.  The  emission  distribution  along  the  emitter  axis  can  be 
further  enhanced  by  field  evaporation  or  field  build  up  as  dis¬ 
cussed  in  Section  IIC  and  illustrated  in  Fig.  63(b).  Although  the 
ion  emission  along  the  <110>  direction  is  greatly  enhanced  after 
build-up,  experience  has  shown  that  sufficient  emission  distribution 
reproducibility  could  be  obtained  from  the  easier  field  evaporation 
procedure.  Field  evaporation  of  iridium  was  normally  carried  out 
at  room  temperature  and  an  applied  voltage  of  approximately  twice 
the  hydrogen  best  image  voltage. 

Figure  64  shows  an  argon  ion  image  taken  with  the  Ir(110) 
built-up  emitter  and  again  illustrates  the  angular  confinement  of 
the  beam.  The  photographs  in  Figs.  63  and  64  were  taken  with  a 
microchannel  plate  image  intensifier  inserted  in  the  FIM;  this 
allowed  Images  to  be  taken  at  relatively  low  gas  pressures. 

Angular  confinement  of  the  ion  beam  emission  from  a  tung¬ 
sten  emitter  can  be  realized  by  allowing  a  <100>  oriented  emitter 
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Figure  64.  Same  emitter  as  in  Figure  63(b)  taken  at  1  x  10-6  torr  argon 
pressure,  77  K  and  V  =  20  kV. 
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to  undergo  (100)  build-up  as  described  in  Sec.  IIC.  This  is  illus¬ 
trated  in  Fig.  65  where  the  hydrogen  ion  emission  patterns  of  built- 
up  and  thermally  annealed  end  forms  are  compared.  Examination  of  the 
Fig.  65  patterns  shows  clearly  the  faceting  of  the  (110)  and  (112) 
planes  of  the  built-up  emitter  and  concentration  of  the  ion  emission 
along  the  <100>  direction. 

A  similar  angular  confinement  of  the  ion  beam  emission  was 
obtained  from  (111)  build-up  of  a  <111>  oriented  tantalum  emitter. 
However,  unless  ultra-high  vacuum  conditions  exist  prior  to  inlet  of 
the  ionizing  gas  and  unless  the  ionizing  gas  is  free  of  impurities 
(particularly  water  vapor) ,  the  built-up  end  forms  of  both  tantalum 
and  tungsten  will  be  quickly  eroded  away  by  the  field  induced  chemical 
etch.  A  quantitative  assessment  of  the  field  etch  problem  was  obtained 
for  built-up  (111)  tantalum  by  operating  it  in  a  vacuum  chamber  at  77  K 
and  5  x  10-6  torr  of  air  admitted  through  a  leak  valve.  After  oper¬ 
ation  for  one  hour  at  10  kV  the  hydrogen  ion  pattern  (BIV  was  13  kV) 
showed  that  the  built  up  structure  was  completely  eroded  away  by 
the  field  etch.  The  same  experiment  carried  out  at  6  x  10“9  torr 
showed  no  effect  on  the  built-up  pattern.  In  contrast,  the  same  ex¬ 
periment  carried  out  with  (110)  built-up  iridium  at  a  5  x  10~6  torr 
air  leak  showed  no  effect  on  the  built-up  end  form.  This  demonstrates 

again  the  superior  resistance  of  iridium  to  the  field  Induced  chemical 
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etch  which  was  discussed  previously.  ’ 

In  addition  to  FI  emitter  materials  fabricated  from  single 
component  refractory  metals,  preliminary  studies  of  FI  emission  from 
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a  LaB6  emitter  was  performed.  After  fabrication  according  to  pro¬ 
cedures  outlined  in  Sec.  IIB,  the  LaBg  emitter  was  placed  in  a  FI 
microscope  including  a  microchannel  plate  for  image  intensification. 

The  emitter  was  easily  cleaned  and  a  symmetric  emission  pattern 
obtained  by  field  evaporation  in  a  low  pressure  of  hydrogen 

(P„  =  1  x  10-4  torr) .  The  typical  ion  emission  pattern  obtained 

“2 

after  field  evaporation  is  shown  in  Fig.  7(a)  where  high  emission 
density  is  obtained  from  both  the  (110)  and  (100)  planes.  The  LaBg 
emitter  processed  as  described  appears  to  be  a  potentially  practical 
emitter  material  if  the  applied  field  does  not  exceed  the  BIV.  If 
the  applied  field  appreciably  exceeds  the  BIV  a  hydrogen  promoted  field 
induced  etch  of  the  emitter  occurs,  probably  via  removal  of  material  as 
LaH+  or  BH+. 

2.  Field  Ionization  Emitter  Life  Study 

A  life  test  was  carried  out  for  the  most  promising  emitter 
material,  iridium,  using  hydrogen  as  the  ion  forming  gas.  The  life 
test  assembly  was  a  simple  arrangement  that  could  operate  several 
emitters  in  parallel  at  room  temperature.  The  life  test  structure 
shown  in  Fig.  66  was  designed  to  reduce  secondary  electron  contribution  to 
the  total  current  and  also  to  allow  viewing  of  the  ion  emission  patterns. 

The  life  test  current  data  was  compiled  and  processed  by  the 
life  test  data  acquisition  system  described  in  Sec.  IIG.  At  this 
juncture  two  extended  life  test  runs  have  been  carried  out  using 
iridium  emitters  operating  at  room  temperature.  Field  induced  chemical 
etch  is  more  rapid  at  room  temperature  than  at  77  K,  thus,  these  life 
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tests  probably  represent  "worst  case"  results.  The  life  test 
results,  which  were  carried  out  in  a  relatively  high  pressure  of 
hydrogen,  are  summarized  in  Table  10. 

Throughout  the  emitter  test  period  the  current  levels 
remained  virtually  unchanged  except  for  occasional  ~  10%  fluctu¬ 
ations.  These  preliminary  results  are  encouraging  in  that  no 
evidence  of  long  term  emitter  erosion  under  these  rather  unfavor- 
above  conditions  was  observed.  We  expect  that  emitter  life  at 
77  K  with  respect  to  intrinsic  failure  of  the  emitter  will  exceed 
several  hundred  hours.  Also,  because  of  the  less  stringent  vacuum 
requirements  of  field  ionization  emitter  replacement  turn  around 
time  in  typical  applications  should  be  less  than  a  few  hours. 

B.  Liquid  Gallium  Ion  Emission 
1.  Introduction 

With  respect  to  gas  phase  FI  sources  it  is  well  known  that 

kinetic  supply  of  ionizable  gaseous  particles  to  the  high  field 

region  of  the  conically  shaped  emitter  provides  an  ultimate  limit 

to  the  emitted  current  density.  This  limit  can  be  removed  if  a 

liquid  film  reservoir  of  the  ionizable  material  is  formed  on  the 

high  field  region  of  the  emitter  and  supplies  the  emitting  area 

via  diffusion  of  viscous  flow.  Increased  FI  currents  due  to  film 

formation  have  been  reported  for  low  temperature  FI  of  hydrogen^® 

49 

and  room  temperature  FI  of  water. 

In  the  case  of  sufficiently  thick  condensed  films  it  has 
been  shown  that  a  further  enhancement  of  the  FI  current  can  be 
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realized  through  the  formation  of  a  field  stabilized  cone  of  the 
liquid  film  supported  on  an  underlying  solid  emitter  structure. 

It  was  shown  by  G.  Taylor‘S  that  a  balance  between  surface  tension 
and  electrostatic  stress  leads  to  the  formation  of  a  liquid  cone  of 
half  angle  49.3°  where  the  onset  of  cone  formation  occurs  at  a 
critical  voltage  (typically  5-10  kV)  which  depends  on  the  sur¬ 
face  tension  and  electrode  geometry.  As  the  cone  forms,  the  apex 
radius  decreases  sufficiently  to  enable  field  emission  to  occur. 

If  a  negative  field  is  applied  to  the  emitter,  field  electron 
emission  occurs  when  the  local  apex  field  reaches  typical  field 
emission  values  (0.1-0. 5  while  field  desorption  or  field 

ionization  occurs  when  the  polarity  is  reversed  and  the  local  apex 

O 

field  reaches  values  >  1  V/A. 

Stable  and  exceedingly  bright  ion  sources  of  long  life 

(>  109  hours)  have  been  developed  using  this  technique.  Ion  emis- 

52  53  53  5A 

sion  has  been  obtained  for  Ga,  Au,  Hg,  Woods  metal,  alkali 
52  55  56  53 

metal9,  ’  *  and  others.  Typically  for  Ga,  ion  currents  of 

1-100  pA  may  be  obtained,  corresponding  to  source  angular  inten¬ 
sities  of  up  to  10“ 4  A/sr  which  is  approximately  100  times  greater 
than  the  gas  phase  FI  sources. 

The  purpose  of  the  present  investigation  was  to  provide 
a  more  detailed  characterization  of  the  gallium  liquid  metal  ion 
(LMI)  source  with  respect  to  parameters  of  interest  to  microprobe 
applications.  Relevant  source  parameters  such  as  current-voltage 
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relationship,  angular  intensity,  energy  distribution,  noise  spectrum 

and  the  effects  of  source  temperature  and  current  on  these  parameters 

54 

will  be  presented.  Previous  investigators  have  sho*<n  that  singly 

charged  monatomic  ions  are  the  dominant  mass  species  in  the  beam  of 

a  gallium  LMI  source.  In  addition,  an  energy  spread  of  10  eV  for  cur 

52 

rents  of  10  pA  was  reported  for  a  gallium  LMI  source.  Based  on 

52 

focussed  beam  results  using  a  gallium  LMI  source  Krohn  and  Ringo 
and  others^  have  measured  a  source  brightness  of  >  1.4  x  106  A  cm~2 
sr-1  and  effective  source  diameter  of  ~  100  A. 

2 .  Mechanism 

The  mechanism  of  LMI  source  operations  falls  into  three 
categories:  (1)  cone  formation;  (2)  ionization;  (3)  mass  transport. 
For  a  liquid  film  to  exhibit  a  stable  geometry  in  the  presence  of  an 
electric  field,  it  is  necessary  for  the  electrostatic  stress  normal 
to  the  surface  to  be  exactly  balanced  by  the  surface-tension  force. 
Taylor has  treated  this  problem  in  some  detail  and  showed  that  for 
stable  "Taylor  cone"  formation  the  cone  half-angle  a  for  which  the 
electrostatic  and  surface  tension  forces  balance  is  a  •=  49.3°,  in 
which  case 

F(cone)  =  0.93  (8tty/R)  =  1399  (y/R)1^2  (volts/cm)  (25) 
where  F  is  the  applied  electrostatic  field,  y  is  the  surface  tension 
in  dyne/cm  and  R  is  the  distance  along  the  cone  axis  from  the  apex 
in  cm.  From  these  considerations  Taylor^  was  able  to  derive  a 
critical  voltage  Vc  for  cone  formation  given  by 

V£  -  1.432  x  103  (yRq)1/2  (volts)  (26) 
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where  R^  is  a  form  factor  dependent  on  electrode  geometry  and  the 

order  of  the  electrode  spacing  in  cm. 

An  important  consideration  is  the  apex  radius  rfl  of  the 

liquid  cone  which  ultimately  relates  directly  to  the  virtual  size 

of  the  ion  source.  From  considerations  of  a  sphere  on  orthogonal 

58 

cone  conductor  used  by  Dyke,  et  al.  to  generate  equipotential 

shapes  describing  a  field  emitter  structure,  it  can  be  shown  that 

the  proportionality  constant  8  =  F/V  relating  electric  field  and 

59 

applied  voltage  at  the  apex  of  a  Taylor  cone  is 

8(apex)  =  2.32  (R  r  )-1/2  (cm-1)  (27) 

o  3 

Thus,  by  combining  Eqs.(26)  and  (27)  it  can  be  shown  that  the  apex 
field  given  by 

F(apex)  *  3322  (y/r  )1^2  (volts/cm).  (28) 

3 

A  comparison  of  Eqs.(25)  and  (28)  shows  that  at  R  =  r  , 

F(apex)  >  F(cone).  Since  the  end  of  the  cone  most  likely  terminates 

in  a  hemisphere  we  note  that  for  field  stabilization  of  a  liquid  sphere 

of  radius  r  we  have 
a 

F(sphere)  =  4(iry/r  )^2  =  2127(y/r  )1^2  (volts/cm)  (29) 

3  3 

thus,  it  also  follows  that  F(apex)  >  F(sphere) .  Hence,  when  V  > 
the  formation  of  the  Taylor  cone  occurs  with  an  excess  field 
stress  at  its  apex.  Thus,  the  apex  radius  will  be  unstable  with 
respect  to  further  elongation  unless  it  is  limited  by  the  emission 
process  or  a  compensating  change  in  y  with  decreasing  r  . 

3 
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Gomer  has  recently  investigated  the  mechanism  of  ion 

formation  and  concludes  that  at  the  onset  of  formation  of  the 

Taylor  cone,  ions  are  generated  by  field  desorption  while  at 

higher  voltages,  considerable  heating  takes  place  resulting  in 

vaporization  of  the  liquid  metal  and  concomitant  field  ionization 

of  thermally  evaporated  atoms.  An  interesting  feature  of  Gomer' s 
59 

analysis  is  the  appearance  of  space  charge  effects  even  at  onset 
currents  which  are  the  order  of  1  yA.  The  space  charge  is  respon¬ 
sible  for  stabilizing  the  cone  apex  radius  which,  in  the  absence 
of  space  charge,  would  decrease  without  obvious  limit  during  cone 
formation. 

The  magnitude  of  the  value  of  r  which  can  be  formed  on 

a 

the  liquid  metal  field  ion  source  may  be  calculated  from  the  follow¬ 
ing  considerations.  It  can  be  shown  that  the  formation  of  gallium 
ions  via  field  desorption  requires  a  field  of  1.6  x  108  volt/cm. ^ 

If  the  latter  value  for  F(apex)  and  y  =  700  dynes/cm  are  substituted 
into  Eq.(28)  a  maximum  r  value  of  30  A  is  calculated. 

cl 

For  the  present  study  a  simple  tungsten  field  emitter 
coated  with  gallium  as  shown  in  Fig.  67  was  employed.  In  this  case 
supply  of  ionizable  material  to  the  tungsten  emitter  apex  on  which 
the  Taylor  cone  forms  occurs  through  capillary  flow  along  the  ~  1  ym 
grooves  of  the  drawn  tungsten  emitter  shaft  and  field  induced  viscous 
flow  along  the  smooth  conical  section  of  the  tungsten  emitter.  By 
use  of  the  Poiseuille  equation,  which  assumes  laminar  flow  in  the 
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Figure  67.  (a)  SEM  photographs  (backscattered  mode)  of  a  tungsten  emitter  wetted  with  a  thick 

coating  of  gallium;  (b)  a  similar  photograph  of  a  poorly  or  nearly  exhausted  emitter. 
The  light  and  dark  areas  correspond  to  bare  tungsten  and  gallium  respectively. 


liquid  film,  one  can  show  that  flow  rates  along  the  emitter  shaft 
is  sufficient  to  supply  the  equivalent  of  several  mA  of  ion  current 
provided  a  well  wetted  and  continuous  film  coats  both  the  emitter 
shaft  and  shank.  Figure  6?  gives  a  comparison  of  a  well  and  poorly 
wetted  emitter  support. 

3.  Experimental  Procedure 

The  source  configuration  consisted  of  a  tungsten  field 
emitter  fabricated  from  127  pm  drawn  tungsten  wire  and  spot  welded 
to  a  177  pm  tungsten  loop  which  could  be  used  to  resistively  heat 
the  emitter.  The  conically  shaped  point  whose  cone  half  angle  and 
radius  were  23  ±  2°  and  5  ±  2  pm  respectively  was  formed  electro- 
chemically.  Temperature  measurement  was  accomplished  in  the  usual 
fashion  by  spot  welding  76  pm  tungsten  leads  on  a  section  of  the 
filament  loop  containing  the  emitter  and  thereby  measuring  the  fila¬ 
ment  resistance  which  could  be  converted  to  temperature. 

A  film  of  gallium  several  pm  thick  was  coated  onto  the 
tungsten  emitter  by  dipping  a  previously  vacuum  fired  (T  >  1800  K) 
emitter  into  a  pool  of  oxide  free  liquid  gallium.  The  entire  pro¬ 
cess  was  carried  out  in  ~  10-6  torr  vacuum.  Proper  wetting  requires 
care  in  obtaining  clean  surface  conditions  for  both  the  emitter 
support  and  liquid  gallium  pool.  After  proper  wetting,  emitters 
could  be  stored  in  inert  gas  environments  or  for  short  (several  day) 
periods  in  air  without  adverse  effects  on  subsequent  performance. 

For  a  ~  10  pm  thick  film  on  a  2  mm  length  of  emitter,  one 
can  calculate  an  18  hr  life  at  1  pA.  By  wetting  emitters  so  that  a 
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larger  thickness  of  the  gallium  was  contained  at  the  region  of  the 
spot  weld  of  the  tungsten  emitter,  source  life  at  5  to  10  yA  current 
level  exceeded  100  hrs. 

Two  tube  embodiments  were  used  to  investigate  the  emission 
properties  of  the  aforementioned  LMI  source.  In  each  case  the  emit¬ 
ter  tip  was  mounted  a  few  mm  behind  and  concentric  with  an  extractor 
ring  electrode  consisting  of  a  wire  loop  10  mm  in  diameter.  First,  a 
standard  field  ion  microscope  with  a  microchannel  plate  amplifier  was 
used.  This  allowed  the  gallium  ions  to  be  converted  to  electrons  and 
multiplied  prior  to  impingement  on  a  fluorescent  screen  on  which  the 
ion  beam  pattern  could  be  directly  viewed  in  real  time.  A  second 
embodiment  was  a  tube  in  which  the  negative  planar  electrode  contained 
a  127  um  aperture  through  which  a  small  solid  angle  of  the  beam  was 
transmitted.  The  latter  aperture  was  followed  by  a  retarding  energy 

analyzer  employing  an  intermediate  image  filter  lens  arrangement  of 

61  62 

the  type  described  by  Simpson  and  Morton.  ’  The  ion  current  that 
was  transmitted  through  the  filter  lens  was  collected  in  a  Faraday 
cup.  Electronic  differentiation  of  the  collected  current  was  accom¬ 
plished  by  capacitively  coupling  a  0.3  to  1.0  V  ac  signal  to  the  dc 
ramp  voltage  applied  to  the  central  retarding  electrode  of  the  filter 
lens  and  detecting  it  with  a  Lock-in  amplifier.  The  high  voltage 
was  applied  positively  to  the  emitter  and  retarding  electrode.  Emitter 
heating  was  accomplished  by  a  dc  current  supply  which  floated  at 


emitter  potential. 


The  emitter  and  extractor  electrode  were  mounted  as  a 
unit  on  an  xyz  manipulator  which  allowed  the  effective  beam  accep¬ 
tance  aperture  half  angle  to  be  varied  from  1  to  5  mr  by  moving  the 
emitter  in  the  z  direction.  Experiments  showed  that  no  change  in 
the  energy  analyzer  performance  occurred  with  z  variation,  although 
all  total  energy  distribution  (TED)  measurements  were  performed  at 
maximum  emitter  to  aperture  distance  (z  =  A. 6  cm)  in  order  to  mini¬ 
mize  secondary  electrons  returned  to  the  emitter. 

Performance  of  the  LMI  source  was  unaffected  by  background 
residual  gas  pressure  up  to  lO*1*  torr;  in  all  measurements  reported 
here  P  <  1  x  10“ 7  torr. 

A.  Results  and  Discussion 

The  dominant  emission  mode  of  the  Fig.  67  gallium  LFI  source 
configuration  was  dc  with  an  occasional  pulse  mode  observed  near  the 
threshold  voltage  In  most  cases  the  pulse  mode  frequency  increased 

with  extractor  voltage  and  in  a  few  cases  could  not  be  made  to  operate 
in  a  dc  mode.  Based  on  the  fact  that  well  coated  emitters  did  not  ex¬ 
hibit  pulse  mode  emission,  we  concluded  that  it  results  from  insufficient 
mass  flow  to  the  Taylor  cone  which  leads  to  oscillations  of  the 
Taylor  cone.  When  insufficient  mass  flow  to  the  Taylor  cone  occurred 
it  was  necessary  to  increase  the  voltage  such  that  V  >  V£  to  promote 
flow  along  the  smooth  conical  section  of  the  emitter.  The  resultant 
Taylor  cone  is  rapidly  depleted  due  to  the  excess  apex  field  and  a 
cyclic  process  occurs.  Even  in  the  case  of  dc  mode  emission  a  higher 


threshold  voltage  was  frequently  required  to  initiate  emission  than 
to  quench  emission.  For  example  emission  may  turn  on  at  several  pA 
and  turn  off  at  ~  1  pA. 

A  typical  total  current  IT  vs  voltage  characteristic  for 
a  well  coated  gallium  LMI  source  is  given  in  Fig.  68  along  with  the 
current  transmitted  through  a  6  psr  solid  angle  centered  on  beam 
axis.  Although  the  I(V)  curves  shift  horizontally  as  much  as  1  kV 
during  operation  and  sometimes  with  a  change  in  slope,  the  general 
features  of  the  I  <*  (V  -  V^,)1/2  functional  relationship  and  decrease 
in  beam  transmission  with  voltage  was  observed  for  all  well  coated 
emitters.  Tungsten  emitters  made  from  larger  diameter  wire,  and 
usually  with  larger  cone  angle  (~  30°  half  angle) ,  operated  at 
higher  voltage  (i.e.  9-10  kV) .  It  was  interesting  to  note  that  as 
the  LFI  source  approached  exhaustion  of  the  gallium  coating  the 
operating  voltage  increased  significantly  and  dl/dV  usually  de¬ 
creased.  From  these  results  we  conclude  that  in  the  case  of  im¬ 
properly  wetted  emitters  or  nearly  exhausted  coatings  (e.g.  Fig. 

67(b)),  the  variation  in  mass  flow  rate  alters  the  I(V)  characteristics. 

Another  common  observation  was  the  decreasing  value  of 
transmission  with  V  for  the  on  axis  probe  current  as  shown  in  Fig. 

68.  The  cause  of  this  can  be  observed  in  the  Fig.  69  photos  which 
show  the  beam  pattern  size  significantly  increases  with  total  beam 
current.  A  more  quantitative  presentation  of  this  effect  can  be 
seen  in  the  Fig.  70  plot  of  the  beam  angular  distribution  at  3  values 
of  IT.  These  results  show  that  the  angular  intensity  is  strongly 


Figure  68.  Typical  total  and  probe  current-voltage  characteristics 
for  a  gallium  Iifl  source. 
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Ion  patterns  of  an  operational  gallium  LMI  source 
at  various  total  current  levels.  The  dark  region 
in  the  central  portion  of  the  20  yA  photo  is  due 
to  ion  beam  damage. 


ANGULAR  INTENSITY  (^A/sr)  FWHM 


Figure  70.  Angular  intensity  distribution  for  a  gallium  LMI 
source  at  various  values  of  total  current  using  a 
probe  with  the  indicated  solid  angle  Q.  Upper  curve 
gives  the  FWHM  of  the  lower  curves  vs  total  current. 


peaked  along  the  emitter  axis  and  nearly  doubles  its  angular  divergence 
as  IT  increases  from  4  to  25  pA.  In  view  of  the  anticipated  small 
emitting  area,  a  probable  cause  of  beam  angular  spread  is  space  charge 
divergence  of  the  beam  due  to  an  extraordinary  large  current  density 
at  the  apex  of  the  Taylor  cone. 

Of  considerable  interest  for  microprobe  applications  is  the 
uniformity  of  the  intensity  over  the  solid  angle  of  the  aperture.  The 
Fig.  71  results  show  that  within  the  solid  angle  defined  by  an  aperture 
half  angle  0  up  to  ~  200  mr  the  beam  has  relatively  uniform  intensity. 

In  addition  to  the  angular  distribution  of  the  beam,  a 
parameter  of  considerable  importance  is  the  absolute  value  of  the 
angular  intensity  dl/d ft  and  the  corresponding  energy  spread  of  the 
beam.  These  results  are  shown  in  Fig.  72  where  care  was  taken  to 
eliminate  secondary  electrons  from  affecting  the  probe  current.  The 
upper  curve  in  Fig.  72,  which  shows  a  typical  result  of  the  variation 
of  dl/dfi  with  1^,  allows  one  to  conclude  that  dl/dO  values  of  20  to 
40  pA/sr  can  be  routinely  obtained  from  the  gallium  LMI  source. 

A  set  of  typical  energy  distribution  curves  as  a  function 
of  IT  is  given  in  Fig.  73.  With  increasing  IT  the  value  of  the  full 
width  half  maximum  (FWHM)  value  of  the  energy  distribution  signifi¬ 
cantly  increases  as  shown  in  the  lower  curve  of  Fig.  72.  Moreover, 
the  FWHM  values  as  shown  in  both  Figs.  71  and  73  increase  with  temper¬ 
ature  at  a  constant  value  of  IT<  Since  gallium  melts  at  ~  302  K  it 
is  impossible  to  operate  at  lower  temperature;  even  so,  the  FWHM 
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Figure  71.  Values  of  FWHM  for  the  total  energy  distribution  of 

a  gallium  1241  source  vs  total  current  at  the  indicated 
temperatures.  Upper  curve  shows  a  typical  relationship 
between  source  angular  intensity  and  total  current. 
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value  at  the  lowest  operating  temperature  attains  a  value  of  ~  4.5 

eV  which  is  only  ~  2.5  eV  larger  than  values  reported  for  gas  phase 
6  3 

FI  sources  with  dl/dn  values  some  50  times  smaller.  For  use  in 

microprobe  applications  a  careful  assessment  of  the  contribution  of 

chromatic  aberration  to  the  beam  size  must  be  given  at  large  values 

of  1^,  because  of  the  monatomic  increase  of  FWHM  with  1^. 

The  fundamental  mechanisms  leading  to  the  interesting 

functional  relationship  among  FWHM,  1^  and  T  cannot  be  developed  at  this 

juncture;  however,  it  is  clear  that  particle  interactions  within  the 

beam  leading  to  both  space  charge  reduction  of  the  field  at  the 

59 

Taylor  cone  apex,  as  discussed  by  Gomer,  and  to  energy  broadening 

of  the  beam  can  occur.  The  latter  effect  is  a  well  known  occurrence 
33  34 

in  electron  beams  ’  and  has  recently  been  reported  in  Sec.  HE  in 
connection  with  field  electron  sources. 

The  rms  current  fluctuation  amplitude  (beam  noise  current) 
vs  frequency  '’as  measured  for  the  gallium  LMI  source  over  the  fre¬ 
quency  range  0  to  5  KHz  with  a  resolution  of  1  Hz.  Several  beam 
noise  measurements  made  for  1^  =  8  pA,  using  the  probe  current  trans¬ 
mitted  through  a  4.3  psr  solid  angle  (1^  =  1.4  *  10~10  A),  showed  a 
remarkably  low  noise  current  AI2  such  that  (AI2)1^2/^  =  .44%,  over 
the  frequency  range  0  to  5  K  Hz.  Moreover,  ~  75%  of  the  measured 
noise  current  was  attributable  to  shot  noise.  This  unusually  low 

noise  figure  could  be  due  to  a  space  charge  noise  suppression  mech- 

44 

anism  proposed  elsewhere  for  high  current  density  field  emission 
sources.  Thus,  further  support  of  the  notion  of  a  space  charge 
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dominated  operation  of  the  LMI  source  put  forth  by  Gomer  is  pro¬ 
vided  by  the  beam  noise  results. 

5.  Conclusions 

This  investigation  shows  that  the  gallium  LMI  source  has 
excellent  properties  as  a  source  for  microprobe  applications  provided 
care  is  taken  to  operate  the  source  at  low  temperature  and  low  total 
current  in  order  to  minimize  the  beam  energy  spread.  The  source 
angular  intensity  does  not  increase  linearly  with  1^,  and  exhibits  a 
value  of  dl/dft  =  20  pA/sr  at  threshold  which  is  approximately  20 
times  the  value  observed  for  a  gas  phase  hydrogen  FI  source. 

This  impressive  performance  of  the  gallium  LMI  source 
coupled  with  its  low  noise  characteristic  underscores  the  remark¬ 
able  nature  of  the  gallium  LMI  source.  Similar  investigations  of 
other  LMI  source  materials,  such  as  bismuth,  must  be  carried  out  in 
order  to  determine  whether  higher  melting  metals  will  show  similar 
characteristics  and  modes  of  operation. 


SECTION  V 


FOCUSSED  ION  BEAM  MEASUREMENTS 

The  objective  of  this  task  has  been  to  show  the  possibility  of 
producing  focussed  ion  beams  with  <  0.1  pm  size  and  10  to  1000  pA 
current.  A  scanning  ion  microscope  (SIM)  has  been  built  and  tested 
with  hydrogen  and  argon  as  the  field  ion  sources.  The  use  of  the 
SIM  has  enabled  us  to  easily  measure  properties  such  as  resolution, 
beam  current,  and  noise.  Resolution  is  limited  by  chromatic  aberration 

O 

to  ~  6500  A  with  hydrogen  when  the  SIM  is  operated  at  10-15  kV,  as 

AE  4  eV  for  the  two  component  beam  H  +  H2  at  a  field  of  ~  2  V/A 

at  the  emitter  tip.  Higher  resolution  is  achieved  with  monoatomic 

gases  such  as  Ar  where  AE  585  1  eV.  Although  results  of  the  SIM  have 

6  47  64 

been  reported  elsewhere  ’  ’  a  few  additional  results  along  with 

plans  for  a  greatly  improved  electrostatic  lens  are  presented  here. 

A.  Gun  and  System  Configuration 

The  SIM  consists  of  a  differentially  pumped  FI  source^  coupled 
to  an  electrostatic  electron  optical  column  which  consists  of  two 
einzel  lenses  arranged  as  a  doublet,  a  stigmator,  and  a  post-lens 
deflection  system  (see  Fig.  74). 

Since  the  beam  is  collimated  by  the  objective  lens  and  objective 
aperture  the  axial  placement  of  the  remaining  optical  components  is 
not  critical.  In  this  case  the  aperture  is  located  approximately 
4  cm  below  the  objective  lens,  the  stigmator  is  approximately  10 
cm  below  the  aperture  and  the  projector  lens  is  approximately  5  cm 


Figure  74.  Schematic  diagram  of  the  SIM  optical  system,  with  FI 
source  at  the  top.  Typical  values  for  /  are  5-9  mm 
and  R  *  5-9.  ° 
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below  the  stigmator.  The  deflection  plates  are  located  approximately 
1  cm  below  the  projector  lens.  Specimens  are  placed  3-5  cm  from  the 
bottom  of  the  projector  lens.  All  the  optical  components  are  held  in 
a  rigid  tube  and  the  whole  comprises  the  optical  column. 

The  column  is  mounted  in  a  housing  which  sits  on  a  commercial 
vacuum  station.  The  pressure  at  the  differentially  pumped  source  is 
approximately  2  *  10-6  Torr  when  the  source  gas  flow  is  off.  When  the 
source  pressure  is  raised  to  approximately  10-2  Torr  the  pressure  just 
outside  the  differentially  pumped  aperture  rises  to  1-3  x  10-5  Torr. 
The  maximum  pressure  attainable  at  the  emitter  without  incurring  de¬ 
structive  discharge  is  approximately  10-2  Torr. 

The  beam  spot  size  at  the  specimen  for  this  optical  arrangement 
is  given  by 


2 


C 


AE  a\2 
C2  EM/  » 


where  d  =  beam  diameter:  C  ,  C  =  spherical-aberration  and  chromatic- 

sl,  ci 

aberration  coefficients,  respectively,  of  the  first  (objective)  lens; 

C  C  =  spherical  aberration  and  chromatic  aberration  coefficients, 
S2,  C2 

respectively,  of  the  second  (projector)  lens;  M  *  overall  magnification 
of  the  system;  p  *  virtual  source  radius,  a  ■  half-angle  defined  by  the 
beam  limiting  aperture;  AE  *  beam  energy  spread;  E  *  beam  energy.  M  is 
equal  to  the  ratio  of  the  focal  length  of  the  second  lens  to  that  of 
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the  first,  M  ■  R  =  f/fQ>  The  values  of  our  components  were  *=  5.5  mm; 

C  *  88  mm;  C  =18  mm;  C  ~  4000  mm;  C  =  150  mm;  f  **  35  mm; 
si  Cl  32  C2  J 

a  =  0.012  radians;  p  =  10  A,  M  =  R  =  6. 

When  the  SIM  is  operated  in  the  secondary  electron  mode  the  elec¬ 
tron  signal,  amplified  with  a  channeltron  electron  multiplier,  modulates 
the  intensity  of  a  CRT  driven  synchronously  with  the  beam  deflection 
plates.  With  this  arrangement  photographic  exposure  times  of  approxi¬ 
mately  100  s  are  required  for  100-1000  x  magnification. 

In  situations  typical  of  ion  damage  writing,  where  high  currents 
are  desired  in  focussed  beam  spots  of  approximately  1000-2000  A,  the 
virtual  source  size  p  has  a  relatively  small  effect  on  the  final  beam 
diameter.  This  is  because  the  large  acceptance  angles  into  the  optical 
system  necessary  for  high  current,  result  in  discs  of  confusion  at  the 
virtual  source  due  to  the  chromatic  and  spherical  aberrations  of  the 
optical  system  which  are  large  compared  to  the  virtual  source.  In 
many  cases,  the  contribution  to  the  beam  diameter  of  the  virtual  source 
can  be  ignored  and  the  current  and  beam  spot  size  are  determined  by 
the  optics  alone.  This  means  that  the  optical  system  does  not  have 
to  demagnify,  indeed  a  practical  system  may  have  an  overall  magnifi¬ 
cation  greater  than  unity,  especially  if  a  large  working  distance  is 
required.  This  in  turn  implies  the  quality  of  the  optics  of  the  source 
become  very  important,  rather  than  the  quality  of  the  final  lens  as 
with  a  conventional  electron  or  ion  source.  The  most  important 
characteristics  of  the  field  emission  source  are  now  the  angular 
intensity  and  the  energy  spread  of  the  beam  (AE). 


Routine  operation  of  the  TFE  sources  with  -777  **  10~3  A  sr"1,  gas 

as* 

phase  FI  sources  with  ^  88  5  x  10” 7  A  sr_1,  and  LFI  sources  with  ^ 
of  from  10“ 5  to  10”  4  A  sr_1  have  been  obtained.  In  each  case  the  beam 
energy  spread  increases  with  The  large  values  of  coupled  with 

small  virtual  source  size  allow  new  dimensions  of  experiments  and 
applications;  however,  because  of  the  larger  beam  energy  spreads  than 
either  conventional  thermionic  or  cold  field  emission  systems,  the 
optics  must  be  chosen  with  some  care.  For  example,  the  energy  spread 
of  a  gas  phase  FI  source  can  range  from  0.5  eV  to  4  eV  at  normal 
operating  voltage, ^  depending  on  the  nature  of  the  gas.  The  energy 
spread  of  the  gallium  LFI  source  has  been  measured  to  range  from  5  eV 
to  30  eV  and  is  strongly  current  dependent.  It  is  clear  that  the 
chromatic  aberration  of  the  source  optics,  or  gun  lens,  will  play  an 
important  role  in  the  performance  of  any  field  emission  system  util¬ 
izing  FI,  TFE  or  LFI. 

Under  other  support  we  have  calculated  the  properties  of  a 
physically  and  voltage  asymmetric  three-element  electrostatic  lens 
which  is  suitable  for  use  with  a  field  emission  source  at  modest 
acceleration  ratios  0.2  <  V^/V^  <  6,  where  V^/V.^  *  Vfinal^Vinitial‘ 

A  brief  report  of  this  lens  will  be  given  here.  We  have  chosen  the 
range  of  V^/V.^  80  that  a  field  emission  source  operated  in  the  usual 
voltage  range  of  3-8  kV  (TFE,  LFI)  or  10-20  kV  (FI)  could  be  used 

to  produce  a  beam  with  energy  in  the  1-30  keV  range.  The  lens  is 

66 

based  on  one  analyzed  by  Riddle  as  an  asymmetric  einzel  lens. 
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Conventional  two— element  immersion  lenses  such  as  the  Crewe  lens  * 

69 

or  the  design  by  Munro  are  generally  not  suitable  in  the  range  of 
interest. 


Previous  investigations  of  physically  symmetric,  voltage  asym¬ 
metric  lenses  by  Read,70,71  Imhof  and  Read72  and  Kuroda  et  al. 73,74,75 
turned  up  some  interesting  features,  such  as  the  "zoom"  property  which 
allows  the  object  and  image  distances  to  remain  fixed  while  the  beam 
energy  is  varied.  We  were  led  to  investigate  a  lens  which  was  also 
physically  asymmetric  in  the  hope  that  superior  aberration  coefficients 
could  be  found  as  well. 

Lens  properties  were  calculated  by  means  of  the  finite  element 

69  76  77 

method,  using  computer  programs  of  Munro.  ’  *  We  consider  here  the 

following  results:  a  comparison  with  the  two-element  Munro  lens;^ 
use  of  the  asymmetric  lens  to  produce  a  crossover;  use  of  the  asymmetric 
lens  to  produce  a  collimated  beam  brought  to  a  focus  by  a  second  lens 


(see  Fig.  74). 

The  lens  geometry  is  shown  in  Fig.  75.  A  number  of  working  voltage 

V3  vf  v3 

ratios  tt—  =  -it—  were  examined  and  results  for  -r—  =  2  are  shown  in  Fig.  76. 
V1  V3 

Cgoo  refer  to  the  spherical  and  chromatic  aberration  coefficients  for 

the  infinite  magnification  case  (object  at  focal  point) .  F  is  the 

focal  position  measured  to  the  left  of  the  first  electrode,  i.e., 

measured  to  the  left  of  0.0  mm  in  Fig.  75,  and  f  is  the  focal  length. 

C  V2 

Note  the  favorable  ratio  of  which  is  less  than  0.5  when  «=  7. 

f  Vx 

The  focussed  beam  diameter  d  in  X  is  calculated  from 
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V|  Vf  Ys 


0.0  mm  25.0  mm 


Figure  75.  Scale  drawing  of  the  asymmetric,  three-element  lens. 

D  *  S  =  t  =  3  mm,  t'  =  1  mm,  D*  =  18  mm.  Vj  =  V  ,  .  .  , 
V3  *  V2  is  the  control  voltage.  n  3 


mm 


V*/V, 


Figure  76.  The  properties  of  the  three-element  lens  in  the 
infinite  magnification  mode  as  a  function  of  the 
control  voltage  when  V3/V  *2.  F  is  the  position 
of  the  focal  point  to  the1left  of  the  first  electrode. 
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d  ,  =  MC  ci 
ch  c  E 

dg  =  Mp 

and  where  ot  =  acceptance  half  angle  into  lens  aperture  in  radians, 

E  =  beam  energy  in  eV,  M  =  magnification  and  the  aberration  coefficients 
are  given  in  mm.  The  current  is  given  by 

t  2  dI 

1  =  ™  dU 

A  comparison  of  the  asymmetric  three-element  lens  and  the  two-element 
lens  designed  by  Munro^  (with  D  =  3  mm)  at  modest  voltage  ratios  of 

vf 

—  =  2  and  4  is  shown  in  Fig.  77  (note  that  V3  =  V,.  and  Vj  =  V.).  In 
i 

this  comparison  a  point  source  with  AE  =  2  eV  was  assumed  to  be  located 
at  the  focal  point  of  the  appropriate  lens  in  order  to  form  a  collimated 
beam.  The  beam  was  then  assumed  to  be  refocussed  by  a  second  lens  with 
negligible  aberrations  and  a  50  mm  focal  length.  At  the  voltage  ratios 
used  it  is  clear  that  the  asymmetric  three-element  lens  is  superior  in 
performance  to  the  two-element  immersion  lens.  At  low  voltage  ratios 
the  latter  has  large  aberration  coefficients  due  to  its  weak  lens 


action  (f/D  *  55  and  12  for 


2  and  4,  respectively).  The  three- 


element  lens  with  a  high  center  electrode  potential 


/Vj 

WT 


7  and  11  for 


170 


A  MUNRO  LENS  Vf/Vj  «2 
B  MUNRO  LENS  Vf/Vj  »4 
C  ASYMMETRIC  LENS  Vf/V,>2 
D  ASYMMETRIC  LENS  Vf/Vj -4 


(rod) 


Figure  77.  A  comparison  of  the  three-element  lens  with  the  two-element 
Munro  lens  at  low  voltage  ratios  and  for  AE  =  2  eV  as  a 
function  of  lens  entrance  aperture  half  angle,  a.  In 
cases  C  and  D,  V2/V1  *  6.5  and  11,  respectively.  Field 
emission  voltage  E  *  5  kV. 
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—  ■  2  and  4,  respectively j  behaves  somewhat  like  two  strong  immersion 
lenses  in  series,  one  accelerating  and  one  decelerating  and  has  the 


relatively  small  aberration  coefficient  characteristic  of  a  strong 

V, 


lens.  Only  at  higher  ratios,  —  >  6  do  the  properties  of  the  two- 

Vi 


element  lens  surpass  that  of  the  three-element  lens. 


Figure  78  gives  a  predicted  comparison  of  the  gas  phase  hydrogen 


FI  and  gallium  LMI  sources  using  the  Fig.  75  electrostatic  lens  with 


the  indicated  operating  parameters.  The  emitter  operating  voltage 


was  assumed  to  be  12  kV  and  virtual  source  sizes  p  for  the  gas  phase 


FI  and  gallium  IHI  sources  were  assumed  to  be  5  and  150  A  respectively 


In  spite  of  the  larger  p  and  FWHM  values  of  the  energy  broadening. 


the  LMI  source,  because  of  its  large  angular  intensity,  provides  a 


current  density  of  38  A/ cm2  in  a  0.1  ym  focussed  spot  which  is  30 


times  larger  current  density  than  the  gas  phase  FI  source.  Below 


d  =  .05  ym  the  gas  phase  FI  source,  because  of  its  smaller  value  of 


p,  is  superior. 


B.  Gun  Performance  Data 


We  have  operated  the  SIM  with  polycrystalline  Ir  emitters  and 


have  achieved  60  pA  of  hydrogen  (H+  +  H2+)  current  in  a  measured 


spot  size  of  6500  X  at  12  keV.  The  SIM  is  chromatically  limited  by 


the  (approximately)  4  eV  beam  energy  spread.  With  Ar  we  have  achieved 


20  pA  of  current  in  an  estimated  spot  size  of  2000  A. 


Images  in  the  secondary-electron  mode  are  similar  to  those  of  an 


SEM.  The  main  contrast  mechanism  is  the  variation  of  the  secondary 


electron  yield  y  with  angle  of  incidence  of  the  beam  as  it  strikes 


2 


of  25 


AO-A078  520  OREGON  GRADUATE  CENTER  BEAVERTON  DEPT  OF  APPLIED  PHY— ETC  F/G  20/12 

FIELD  ELECTRON  AND  ION  SOURCE  RESEARCH  FOR  HIGH  DENSITY  INFORMA—ETC <U) 
NAY  79  L  M  SWANSON  »  J  ORLOFF  .  A  E  BELL  F33615-76-C-1327 

UNCLASSIFIED  AFAL-TR-79-1133  NL 


MICROCOPY  RESOLUTION  TEST  CHART 


different  portions  of  the  specimen,  y  depends  on  the  particular 
ion-specimen-energy  combination  in  a  complicated  fashion  and  varies 
from  approximately  0.01  to  3.  Only  a  small  variation  of  y  with 
energy  occurs  in  the  operating  range  of  the  SIM,  10-20  keV  and  the 
secondary-electron  energy  distribution  peaks  at  about  5  eV.  A 
micrograph  of  a  tungsten  field  emitter  which  is  representative  of 
hydrogen- ion  images  is  shown  in  Fig.  79. 

In  addition,  we  have  made  measurements  of  the  maximum  angular 
intensities  obtained  from  the  high  pressure  differentially  pumped 
FI  source  described  previously.^  The  emitter  material  was  field 
evaporated  <110>  oriented  iridium  operated  at  ~  10-2  torr  and  77  K. 
The  construction  of  the  source  shown  in  Fig.  80,  allows  the  gas  to 
be  pre-cooled  to  77  K  before  entering  the  emitter  chamber;  also  the 
walls  of  the  cathode  cap  were  near  77  K.  The  ion  beam  exited  through 
the  0.5  mm  pumping  aperture  and  the  pressure  just  downstream  from  the 
source  was  5  x  10-5  torr.  The  ion  beam  was  collimated  with  the  elec¬ 
trostatic  lens  system  of  Fig.  74  and  then  passed  through  three  aper¬ 
tures  with  diameters  of  500  pm,  130  pm  and  500  pm,  respectively.  The 
beam  defining  130  pm  aperture  subtended  a  solid  angle  of  0.164  msr 
at  the  source.  The  beam  was  detected  in  a  Faraday  cup  approximately 
6  cm  below  the  final  aperture. 

In  Fig.  81  the  transmitted  current  detected  as  a  function  of 
source  voltage  is  shown  for  three  different  emitter  radii.  For  each 
voltage  the  electrostatic  lens  was  adjusted  to  maintain  a  collimated 
beam.  The  source  pressure  was  kept  constant  for  each  measurement. 
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Figure  80.  Schematic  diagram  of  the  FI  source  used  in  this 
experiment. 


Hs/IrtllO)  FI  SOURCE 
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Figure  81 


A  plot  of  the  experimental  angular  intensity  vs. 
voltage  for  an  iridium  (110)  oriented  hydrogen 
field  ionization  source.  Curve  (a)  was  a  source 
which  had  no  prior  processing;  (b)  a  source  that 
was  field  evaporated  at  room  temperature;  (c)  the 
same  as  (b)  but  with  further  field  evaporation. 

The  hydrogen  pressure  at  the  emitter  was  approxi¬ 
mately  1  x  10“ 2  torr.  Data  was  taken  in  an  ion  beam 
optical  column  with  the  indicated  beam  aperture  solid 
angle  ft  subtended  at  the  emitter. 


As  can  be  seen  the  ion  current  goes  through  a  maximum  near  the  so- 

O 

called  "best  image  voltage"  (BIV)  which  for  hydrogen  is  =  2.2  V/A. 

The  emitter  was  dulled  to  successively  larger  radii  by  room  tem¬ 
perature  field  evaporation  in  order  to  establish  the  radius  that 
maximized  the  angular  intensity.  Clearly,  a  21  kV  emitter  (i.e. 

~  2000  k  emitter  radius)  gives  the  largest  angular  intensity  of 
-  1  pAsr” 1 . 

78 

As  is  well  known,  current  from  a  FI  source  depends  strongly 

on  both  the  emitter  and  gas  temperatures.  The  current  at  a  77  K 

emitter  temperature  is  greater  by  an  order  of  magnitude  than  at  300  K, 

and  one  would  expect  a  further  increase  by  a  factor  of  approximately 

two  if  the  source  was  operated  at  21  K.  A  still  further  increase  in 

angular  intensity  may  be  expected  for  hydrogen  at  4  K  due  to  enhanced 

48 

supply  from  liquid  film  formation. 

Since  the  virtual  source  size  of  a  FI  source  is  of  the  order  of 

O 

10  A  or  less,  current  in  a  focussed  spot  of  ~  0.1  pm  diameter  is 
therefore  determined  by  the  source  angular  intensity  rather  than 
brightness.  With  the  results  reported  here  and  using  the  three 
element  asymmetric  lens  described  in  Sec.  IIA  it  should  be  feasible 
to  focus  0.1  nA  of  ion  current  into  a  0.1  pm  beam  spot  or  0.05  nA 
into  a  0.05  pm  spot. 
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